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LIST OF ABBREVIATIONS 
Ar Argon 
B4C  Boron carbide 
CO2 Carbon dioxide 
EB Electron beam welding method 
F.C.C. Face-centered cubic 
FZ  Fusion zone 
GMAW Gas metal arc welding method 
GTA, TIG  Gas tungsten arc welding method, tungsten inert gas welding method 
HAZ Heat affected zone  
He Helium  
HIP Hot isostatic pressing 
HPTA High power plasma transferred arc welding method 
H2 Hydrogen 
LB Laser beam welding method 
MFP Mean free path 
MIG/MAG Metal inert/active gas welding method 
MMC Metal matrix composite 
MPTA Micro-plasma transferred arc welding method 
O2  Oxygen 
PA Plasma arc welding method 
PH Preheated 
PMZ Partially melted zone  
PTA Plasma transferred arc welding method 
RT Room temperature, 20 °C 
RWAT Rubber wheel abrasion test according to standard ASTM G 65-94  
SAW Submerged arc welding method 
VC Vanadium carbide 
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NOMENCLATURE 
A Experimentally determined constant, maximum melting efficiency 
Ag  Volume of a scratch groove [mm3] 
Ar1, Ar2  Ridges formed during deformation by indented particle or asperity [mm3] 
A1  Area of the first weld bead layer without the first weld bead layer dilution 
[mm2] 
A2 Area of the first weld bead layer dilution without the first weld bead layer 
deposit area [mm2] 
A3  Area of the second weld bead layer without the dilution from the first weld 
bead layer [mm2] 
A4  Area of the second weld bead layer dilution from the first weld bead layer 
without the second weld bead layer deposit area [mm2] 
a1  Empirical constant, 60 [µm] 
a2  Empirical constant, 0,32  
B Experimentally determined constant, slope on a plot of against 
( )-1
Bmf Magnetic flux vector 
b  Unit of slip, Burgers vector [Å]
br  Width of the rubber wheel [mm] 
C  Coefficient of arc concentration [m-2] 
CPL  Specific heat rate of a powder particle at liquid state 
Cp  Specific heat of a powder particle 
CR Cooling rate 
Dsas  Secondary arm spacing, 3-8 [ m] 
  Diffusivity of C in austenite 
 Dilution of the first weld bead layer [%] 
 Dilution of the second weld bead layer [%] 
d Average diameter of the reinforcing carbides [ m]  
da Average diameter of the abrasives [ m] 
dc  Circle diameter on the base material surface,  [mm] 
d0 Initial diameter of a powder particle [ m] 
E  Elastic modulus [GPa] 
Ebm  Melting enthalpy of the base material 
Em Melting enthalpy 
Epc Melting enthalpy of the powder consumable 
Es Specific volume enthalpy of the deposit material including latent heat of 
melting 
Farc Impinging force of the arc plasma 
Fb Buoyancy force 
Fem  Electromagnetic force  
F   Surface tension force  
f  Resistance opposing motion of a dislocation (a force per unit length) 
fab Abrasive efficiency 
g  Gravitational acceleration [m/s2] 
Ha Hardness of the abrasive  
Hbm Hardness of the base material or the wearing material 
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Hdef  Hardness measured on the wear debris  
h Average penetration depth of the abrasive particles [ m] 
hb Thickness of the weld bead [mm] 
hr Relative penetration depth of the abrasive particles, h/d 
I  Arc current [A] 
Jcd  Current density vector 
K  Wear coefficient 
K’ Geometrical constant  
Kc  Fracture toughness of the wearing material [MN/m3/2]  
K1, K2 Coefficients in relation with surface and abrasive hardness 
k  Modification factor in relation with interphase interaction 
Lm  Melting heat rate of a powder particle  
l Sliding distance [m] 
ld Displacement of the plasma arc, overlapping [mm] 
Ms  Martensite start temperature [ºC] 
mnet  Abrasive net mass flow rate past the specimen [g/min] 
mp Mass of an abrasive particle [g] 
mpf Packing fraction 
Np  Number of abrasive particles in contact zone [No.] 
n Number of deposited beads without preheating [No.] 
n´  Number of deposited beads with preheating [No.]
P Applied load [N]  
Pp  Dimensionless parameter  
q(0) Maximum heat input along arc central axis 
q(r) Specific heat input at a radial distance of r from arc axis 
qeff  Effective thermal power 
qeff, l Effective power of the plasma arc in local preheating 
qeff, n  Effective thermal power at nth turn 
qnet  Net power 
Re  Reynolds number of plasma particles system, ~1,06  
Rp Tip radius of an abrasive 
Rs Radius of the shaft to be deposited [mm] 
r  Radial distance from the point source [mm] 
 Powder particle radius [ m] 
Sm  Heat conducting potential of argon plasma fluid at powder particles 
melting point  
SP  Heat conducting potential of argon plasma fluid at powder particles 
temperature 
S   Heat conducting potential of argon plasma fluid at plasma temperature  
s  Relative sliding speed between the rubber wheel and the specimen [m/s] 
TM Melting time for a particle [ s] 
TLH  Liquid heating time for a particle [ s] 
TSH  Solid heating time for a particle [ s] 
Tamb Ambient temperature [ºC] 
Tf, bm   Temperature at front of the surfacing point [ºC]
Tm, bm Surface temperature ensuring melting of the deposit and the base material 
[ºC] 
Tmp  Temperature of the molten pool [°C] 
14 
Tm, p  Temperature of a powder particle at melting point [°C] 
Tp Temperature of a powder particle [ºC] 
Tr Temperature at radius r from the point source [°C]
Ts Surface temperature of the molten pool [°C] 
T0, bm Initial temperature of the base material [ºC] 
T0, mp  Reference temperature of the molten pool [ºC] 
T0, p Initial temperature of a powder particle [ºC] 
tdiss  Time to dissolve a particle [ s] 
t0 Powder particle transporting time in the plasma arc [ms] 
U  Arc voltage [V] 
  Carbon content in austenite close to the carbide-matrix interface [%] 
  Carbon content in austenite [%] 
 Carbon content in cementite [%] 
V  Wear volume of the deposit [mm3] 
Vm  Abrasive wear resistance of the matrix phase  
Vpc Volumetric powder consumable feed rate 
Vpc, max Maximum volumetric powder consumable feed rate 
Vr Abrasive wear rate 
Vsp  Abrasive wear resistance of the second phase 
Vvf  Abrasive wear resistance of the composite material 
vf   Volume fraction of the second phase [vol.-%] 
vft(t) Volume fraction of carbides as a function of time 
  Initial volume fraction of carbides [vol.-%] 
W  Wear resistance 
wb Width of the weld bead [mm] 
xcl Contact length between the rubber wheel and the specimen [mm]  
x1, x2  Distance from the original deposit surface to the worn phase [mm] 
y  Coordinate parallel to welding direction 
T  Temperature gradient at the weld pool surface 
 Thermal diffusivity 
a Mean attack angle [º]  
300 K Thermal diffusivity at 300 K 
  Factor describing the decay of deformation with increasing depth below 
the wearing surface 
e  Coefficient of thermal expansion of liquid metal 
 Retained austenite content [%] 
s Surface tension of liquid metal 
i  Wear resistance of ith phase 
  Relative surfacing step, ld/Rs
  Arc efficiency 
  Melting efficiency 
Melting efficiency for the welds having 2D dimensional heat flow 
 Melting efficiency for the welds having 3D dimensional heat flow 
  Thermal efficiency 
2  Angle of abrasive tip [°] 
 Weighted average of the tan  values of all the individual abrasives 
MFP Mean free path, spacing, MFP [ m] 
 Coefficient of friction 
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c  Specific volume heat capacity of the material of the component 
 Density [g/mm3] 
PL  Mass density of a powder particle at liquid state [g/mm3] 
 Density of an abrasive particle [g/mm3] 
lm  Density of liquid metal [g/mm3] 
 Mass density of a powder particle [g/mm3] 
 Stress in contact area [N/mm2] 
 Driving force 
 Shear stress 
  Dimensionless surfacing time of n turns,  n 
   Dislocation yield strength 
  Welding speed [mm/s] 
  Volume fraction of ith phase [vol.-%] 
kin, mp Kinematic viscosity at melting point 
  Thermal conductivity 
       Capability of deformation of the wearing material during abrasive wear  
  Effective deformation on the wearing surface 
  Function of heat distribution 
1 Constant 
po  Initial powder injection speed [m/s] 
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Original features 
The studied material was an iron-based 12V tool steel alloy (C 2,9 % and V 11,5 %). 
The plasma transferred arc welding tests and experimental data of this thesis were firstly 
directed to evaluate the effects of the dilution on the properties of the 12V tool steel 
deposit. Secondly, they were directed to the evaluation of the effects of the welding 
parameters on the microstructure and the abrasive wear resistance of the 12V tool steel 
deposit. 
The following features are believed to be original:
1. Optimization of the microstructure and the abrasive wear resistance of the PTA 
welded 12V tool steel deposit are systematically studied by varying welding 
parameters. 
2. The effects of varying welding parameters on the vanadium carbide size and the 
MFP distributions of the 12V tool steel deposit were clearly detected by using 
seven parameter windows.  
3. The effects of varying welding parameters on the volume fraction of vanadium 
carbides and the retained austenite content of the 12V tool steel deposit were 
measured. The volume fraction of vanadium carbides of the PTA welded 12V 
tool steel deposit was lower than in the materials manufactured by the HIP 
process, but the welding parameters for the volume fraction of vanadium 
carbides close to that of the HIP material 12V were found. 
4. The effect of the location of the plasma arc in relation with the edge of the 
molten pool and the effect of the main welding parameters on the microstructure 
were detected by measuring the vanadium carbide shape ratios from the 12V 
tool steel deposits. The effect of the shape ratio on the abrasive wear resistance 
was confirmed from the wear surfaces in the SEM examination. 
5. The microstructures and the abrasive wear resistances of the PTA welded 12V 
tool steel deposits were compared to those of the tool steel materials 
manufactured by the HIP process. The microstructural differences were defined 
and the welding parameters having better abrasive wear resistance for the used 
abrasive were found.   
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1 Introduction 
1.1 General 
The plasma transferred arc welding method, PTA, was developed in the 1960’s from the 
plasma arc welding method, PA. The method has become common in the 1980’s. It is 
also possible to use the PTA welding method for joint welding. During last decades the 
focus of the development has been towards the mechanized, the robotized, or the 
automated PTA welding method. Therefore, it is possible to reduce the welding costs, 
enhance the process controllability, improve the deposit quality, and increase the 
deposition rate. High amount of welding parameters, their interactions, and complicated 
effects of welding parameters on the properties of the various deposits have restricted 
the optimization of the properties of the deposits welded by the PTA welding method. 
The main feature of the PTA welding method is the powder consumable. The properties 
of the deposit can be tailored for various applications, because different kinds of 
powders can be tailor-mixed (Saltzman et al., 1985). Low boiling point alloys, e.g., 
zinc, cannot be welded because of high temperature of the plasma arc (Wahl et al., 
1993). The powder consumable is fed with a flow of carrier gas from the powder 
consumable hopper through the plasma torch straight into the plasma arc, where the 
powder melts with the base material and forms the deposit. Gas atomized spherically 
shaped powders are preferred. The powder fraction is usually 50-150 μm. The powder 
fraction depends on the deposition rate and, thus, the fraction is typically larger for the 
high power plasma transferred arc welding method, HPTA. 
One of the main features of the PTA welding method is the low dilution of the deposit, 
which is from 3 to 10 %. The low dilution enables the use of one-layer deposit to 
achieve the intended deposition properties. Other features are strong metallurgical bond 
between the deposit and the base material, low heat input, low spattering, low distortion, 
less finishing, small heat affected zone (HAZ), no significant loss of alloying elements, 
no slag, high quality of the deposit, and excellent properties of the deposit. 
The shape of the plasma arc is narrow and sharp, because of the plasma nozzle which 
intensifies the plasma arc. The plasma arc is stable from low current levels to extremely 
high current levels. The deposition rate for the PTA welding method with powder 
consumable is in the range of 0,1-20 kg/h. Thickness of one bead layer is between 1 and 
6 mm. It is possible to weld multi-layer deposits. By oscillating the plasma torch, which 
helps to control the dilution of the deposit, wider passes up to 100 mm can be welded 
(Dilthey et al., 1994). Bigger surfaces can be welded by overlapping (distance from the 
bead centerline to the next bead centerline) the weld beads.  
Less expensive material like low alloyed steel can be used as a base material in the 
applications where wear resistance is only needed. In corrosive environments highly 
alloyed base materials are preferred to withstand the requirements set to the deposit. It is 
preferable that the base material has coefficient of thermal expansion close to that of the 
weld metal. Thus, cracks induced in the fusion line by different coefficients of thermal 
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expansion can be avoided during cooling of the component. Preheating, weld bead 
sequencing, and post-weld heat treating can be made if necessary (Raghu et al., 1996). 
The equipments of the PTA welding method are nowadays relatively cheap and the 
PTA welding method can be mechanized or automated economically, which helps to 
control the welding process. Typical applications for the PTA welding method are 
valves, valve seats, extrusion machine screws and components for cutting, waste 
recycling, mining, crushing, energy industry, and pulp and paper industry. 
1.2 Problem description 
The PTA welding method is used to weld several millimeter thick wear and corrosion 
resistant deposits. Traditionally, the dilution of the deposit has been the most studied 
parameter. It has been thought that it is the most important parameter of the weld bead, 
because low dilution means that the process is cost-effective and the properties of the 
deposit are automatically typical to the deposit alloy. During the surfacing process the 
dilution of the deposit can be controlled and it is usually adjusted by plasma arc current. 
Welding parameters affecting most the dilution of the deposit are plasma arc current, 
temperature of the work piece, working distance, powder feed rate, process gas flow 
rates, and oscillation parameters like amplitude, frequency, and welding speed. 
The 12V tool steel deposit is sensitive to the welding process variations. The abrasive 
wear resistance of the 12V tool steel deposit is based on the primarily precipitated 
vanadium carbides (VC). The microstructure of the deposit, i.e., the volume fraction of 
carbides, the mean free path (MFP), the size of carbides, the morphology, the 
distribution of carbides, and the matrix phases determine the abrasive wear resistance of 
the 12V tool steel deposit. The dilution of the deposit has to be controlled during the 
surfacing procedure to maintain basic features of the PTA welding method. A lot of 
welding parameters and their interactions have effects on both the dilution and the 
microstructure of the deposit. 
The size of the molten pool is large, when welding thick abrasive wear resistant deposit 
by oscillating the plasma arc. The location of the plasma arc is normally in the edge of 
the molten pool (Hallen et al., 1992b). The risk of the weld pool stirring, i.e.,
convection of the molten pool liquid by the changing location of the plasma arc 
increases with the size of the molten pool. The location of the plasma arc in relation 
with the molten pool affects the weld pool convection. The PTA welding method is not 
stable during the surfacing procedure, e.g., work piece temperature changes from room 
temperature (RT) up to approximately 300 ºC. This leads to a need to adjust welding 
parameters. To maintain the optimized microstructure, both the dilution and the effects 
of the plasma arc on the factors determining the abrasive wear resistance of the 12V tool 
steel deposit have to be controlled and adjusted during the PTA welding method.  
Some experimental tests and models are made during the years to determine the factors, 
which control the dilution and the abrasive wear resistance of the weld beads. The 
differences between the welding parameters may be small, but they have major effects 
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on the microstructure and the abrasive wear resistance of the 12V tool steel deposit, 
because of high temperature and velocity of the plasma arc. 
2 PTA welding method 
One of the most important features of the PTA welding method is its ability to produce 
low dilution deposits. This is related to the good plasma arc stability and 
reproducibility. Low dilution saves the powder consumable and production time. The 
deposits produced by thermal spray technologies are only mechanically bonded. The 
bond between the PTA welded deposit and the base material is a metallurgical bond 
and, thus, the deposit is able to resist many kinds of wear modes including impact wear. 
The possibilities to use the PTA welded wear and corrosion resistant deposits in 
industry are broad. 
During the last decades the dilution of the PTA welded deposits has been between 5 and 
10 %. The development of the equipments has enhanced the ability to control it and 
nowadays the dilution is from 3 to 10 % for the majority of the PTA applications 
(Chattopadhyay, 1997; Harris et al., 1983). Because of the improved welding 
equipments and knowledge about the PTA welding method, the dilution of the deposit 
below 10 % is possible to maintain during the surfacing process. The dilution is one of 
the major parameters, which has to be controlled and adjusted during the welding 
process. Low dilution is important, because highly alloyed consumables are expensive 
and the base material and the deposit are usually dissimilar. Heat input to the base 
material is lower with low heat input.  
The dilution of the first weld bead layer, , Figure 1, can be estimated from the 
cross-sectional weld bead sample by an image analysis program using equation 1. If the 
second weld bead layer is welded, equation 2 can be used to estimate the dilution of the 
second weld bead layer, . The dilution is mainly concentrated nearby the 
fusion line, thus, the estimated dilution is not an exact value. The dilutions of the first 
and the second weld bead layers are: 
 [%]  100 %,    (1) 
 [%]  100 % ,   (2) 
where A1 is the area of the first weld bead layer without the first weld bead layer 
dilution, A2 is the area of the first weld bead layer dilution without the first weld bead 
layer deposit area, A3 is the area of the second weld bead layer without the dilution from 
the first weld bead layer, and A4 is the area of the second weld bead layer dilution from 
the first weld bead layer without the second weld bead layer deposit area. 
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Figure 1  Schematic presentation of the deposit cross-section, where A1 is the 
deposit area without penetration and A2 is the area of penetration 
2.1 PTA equipments 
The mechanized PTA welding unit consists of the plasma torch, pilot and plasma arc 
power supplies, mechanized torch oscillation unit or robot, component manipulator or 
rotating table, consumable feed unit, torch cooling unit, and work piece preheating unit. 
The powder plasma torches have been manufactured also for manual hand welding 
(DuMola et al., 1988) and mechanized internal cladding for the pipes the inner diameter 
of which is 70 mm at minimum (Dilthey et al., 1994; Draugelates et al., 1993).  
2.1.1 Plasma torch 
A typical powder plasma torch is presented schematically in Figure 2. In the torch the 
pilot arc (non-transferred arc) is maintained between the non-consumable tungsten 
electrode (cathode) and the water-cooled plasma nozzle (anode). The pilot arc is needed 
for initiating and stabilizing the plasma transferred arc. The transferred plasma arc is 
maintained between the electrode and the work piece. Plasma gas is needed to form the 
plasma and to shield the electrode during the surfacing process. The transferred plasma 
arc transmits heat to the base material more efficiently than the non-transferred plasma 
arc does. Carrier gas is needed to transfer the powder consumable from the hopper 
through the plasma torch into the plasma arc, where the powder melts. Shielding gas is 
used to shield the molten pool against air atmosphere. Like in the conventional plasma 
welding process, also in the PTA welding method the plasma arc is constricted by the 
plasma nozzle. The shape of the plasma arc can be controlled by the plasma nozzle, 
which is available in different kinds of diameters.  
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Figure 2  The plasma torch of the PTA welding unit (Raghu et al., 1996) 
The basic phenomenon of the plasma arc of the PTA welding method is as follows. 
Plasma current passes air between the electrode and the work piece, while the gas 
molecules accelerate and collide with each other. Binding forces between atoms and 
electrons collapse and electrons are released from the nucleus. The gas, consisting of 
neutral molecules, positively charged atoms, and negative electrons, is ionized and, 
thus, the gas is capable to conduct current (Craig, 1988). 
The deposition rate of the mechanized PTA welding method with the powder 
consumable is up to 20 kg/h. The thickness of one bead layer is between 1 and 6 mm. 
The deposit thickness is usually as much as the tolerance of the wear part. The plasma 
arc is stable with low to high heat inputs. The plasma torch is designed to weld with a 
certain deposition rate, i.e., various welding torches have been developed to weld with 
different deposition rates. For the micro-plasma transferred arc welding method, MPTA, 
the deposition rate is below 1 kg/h and the bead thickness 0,1-0,5 mm, for instance 
(Saltzman et al., 1992; Sun et al., 1998). 
The pilot and the plasma arcs are maintained with direct current (electrode negative), 
variable polarity, or alternatively pulsed current, which makes it easier to control heat 
input, penetration, and the shape of the molten pool (Craig, 1988; Deuis et al., 1997; 
Fromowicz et al., 1993). The mass flow configuration allows the gas volume to be 
controlled and allows variations in the gas flow to be made via computer controlled 
program (Shubert, 1992). 
2.1.2 Plasma nozzle 
Energy density and temperature of the plasma arc are much higher than those in the arc 
without the plasma nozzle (Elizagàrate et al., 1981). Plasma arc temperatures in the 
different regions of the plasma arc depend on plasma gas. Argon, Ar, hydrogen, H2, and 
helium, He, can be used as plasma gas and temperatures of the plasma arc are on 
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Thermal conductivity of Ar is around 0,015 W/cm°C at 8000 °C. Thermal conductivity 
of H2 is multiple at 4000 °C temperature when compared to thermal conductivity of Ar. 
Thermal conductivity of He is higher when compared to thermal conductivity of Ar 
(Menzel, 2003). 
Ar is the most common process gas in the PTA welding method. It is inert and it does 
not oxidize or react with the weld pool. The properties of Ar as a process gas are good 
shielding effect due to high gas density, relatively stable narrow plasma arc, good 
electrical conductivity, low ionization potential, high surface tension of the weld pool, 
and low burning of alloying elements. While Ar is used as plasma gas it ionizes easily, 
which determines the ease of the plasma arc ignition and its stability. It has low thermal 
conductivity and, thus, the plasma arc is narrow and concentrated (Craig, 1988; 
Yamamoto et al., 1997).  
Ar-H2 gas mixture has excellent deoxidizing and focusing effects (Lugscheider et al., 
1992). Thus, Ar is mainly used as plasma and Ar-H2 gas mixture (5-10 % H2) can be 
used as shielding gas. Ar-H2 compound can be used also as powder carrier gas. Low 
amount of H2 in the plasma arc increases thermal intensity, heat input, penetration, and 
welding speed. Approximately at 3870 °C temperature H2 molecules dissociate, and 
energy is released when the molecules recombine or contact with the work piece (Craig, 
1988). H2 reduces pores, surface tension of the weld pool, and bead surface oxidation. It 
increases fluidity and wetting of the melted powder, which is useful when the smooth 
deposit surface is needed (Harris et al., 1983; Hunt, 1988; Oechsle et al., 2000). 
H can be transported to the deposit with a contaminated powder, for instance. 
Dissolution of H into the iron melt is low, about 0,00075 % per 100 g of iron at melt 
temperature at 1 atm. Dissolution of H into iron melt depends on temperature. Solubility 
decreases at the solidification temperature of iron melt. When the temperature of the 
molten pool further decreases the solubility of H into the iron melt still decreases. At 
1371 ºC temperature the solubility of H increases temporarily. Below this temperature 
the problems caused by H arise. Diffusivity of H decreases with decreasing temperature. 
At RT iron is capable to retain only a small part of H soluble at high temperatures. 
Dislocation interactions can enhance the transportation of H by several orders of 
magnitude. H diffuses and forms molecular H2 and escapes as a gas. Under rapid 
cooling H is retained in the austenite and at low temperatures austenite transforms to 
martensite or bainite. Lattice imperfections may trap H. Inclusions and pores may trap 
H2. High internal stresses can develop and cracks may initiate at the discontinuities 
(Stout, 1987). 
He has high thermal conductivity and high ionization potential, which offers increased 
welding speed, penetration, and improved weld quality when compared to Ar gas (Bols 
et al., 1997). Gas densities of He and H2 are lower than air, which causes problems to 
the shielding efficiency. He content in the process gas can be between 30 and 100 %, 
thus, flow rates have to be increased to maintain the shielding efficiency. Regular flow 
rates for He mixtures of 30, 50, 75, and 100 % are 18, 28, 35, and 40 l/min, respectively 
(Menzel, 2003; Oechsle et al., 2000). 
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Welding tests welded with various gases without preheating gave results as follows. 
Welding tests with Ar-He-CO2 as a shielding gas resulted in a good bead appearance 
only for NiCrBSi 80 12 alloy, while Ar, Ar-H2, and Ar-He gas mixtures gave good bead 
appearances for CoCrWC 64 29 5, NiBSi + 60 % WC, NiCrBSiAl 90 4 1,          
NiCrBSi 80 12, X 120 WCrMoV 6 5 4 4, and X 3 CrNiMo 18 13 3 alloys. The best 
weld beads were obtained with Ar and Ar-H2 gas mixture. The deposits welded with Ar 
had the highest hardnesses. Pores were typically found, when Ar-He gas mixture was 
used (Oechsle et al., 2000). 
2.1.4 Dilution control 
Optical spectroscopy is one of the auxiliary methods for controlling and adjusting the 
dilution of the weld bead. Spectroscopic analysis is typically used to analyze materials. 
The significant wave length, 500-1000 nm, has to be set before the welding process and 
after that the chemical composition of the molten pool is possible to control with the 
spectrometer. In Figures 8a, b is presented the local maximum and minimum wave 
length measurements made by the spectrometer in relation with the dilution of the 
deposit alloys Stellite 12 and Alloy 60. The location of the plasma arc was on the 
molten pool. The dilution control was more accurate with the bigger dilution ratios 
(Dilthey et al., 1996a; Pavlenko, 1996). 
Figure 8 Relative intensities measured by an optical spectrometer as a function of 
dilution of the deposits deposited onto the base materials GGG 70 and     
St 52: a) Stellite 12 and b) Alloy 60 (Pavlenko, 1996) 
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2.2 Welding parameters 
The effect of an individual welding parameter on the PTA welding method has to be 
known for optimizing welding parameters and to learn interactions between different 
welding parameters. In the mass production to obtain equal quality onto the deposited 
components, the surfacing process has to be consistent enough (Herrström et al., 1993).  
The main advantages of the PTA welding method are heat input and cooling rate, which 
are in the range suitable for depositing a component with a broad range of alloys as well 
as for surface alloying or surface hardening. Usually brittleness, cracking, and gas 
porosity can be avoided. 
2.2.1 Pre-set and adjustable welding parameters 
A number of process and material factors affect the dilution of the deposit. 37 variables 
for the PTA welding method are identified, which have effects on the welding process. 
18 variables were identified as pre-set variables and 19 variables as variables, which 
need to be adjusted. The settings preferred by welding operator and welding engineer 
may also vary which makes it difficult to find optimized welding parameters (Kapus, 
1980). 
The main parameters have the biggest effect on the PTA welding method output quality. 
The selection of the test conditions is vast. Often a large set of welding tests are needed. 
Stable process conditions during the surfacing process cannot be ensured (Nefedov et 
al., 1994). Even though straight passes without oscillation can be welded, the PTA 
welding method is usually maintained by oscillating the plasma torch. The most 
important factors are (Herrström et al., 1993; Hunt, 1988; Kapus, 1980; Sexton et al., 
1994): 
• plasma arc current     
• current upslope     
• plasma gas flow rate     
• composition of plasma, carrier, and shielding gas  
• powder consumable feed rate     
• moisture content of powder and gas pipes   
• chemical composition of powder consumable  
• overlapping     
• preheating temperature    
• interpass temperature    
• working distance      
• arc voltage     
• arc polarity     
• electrode diameter     
• electrode type  
• electrode setback     
• substrate shape and size    
• substrate and consum
• oscillation mode
• oscillation amplitude
• oscillation frequency
• dwell time
• welding speed   
• shielding gas flow ra
• transport gas flow ra
• deposit thickness
• cooling water flow r
• torch angle in relatio
• melting temperature
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increases, e.g., above wb/ld  2 the deposit may become more even (Nefedov et al., 
1994). 
2.3 Consumables 
Term weldability is defined by the American Welding Society as “the capacity of a 
metal to be welded under the fabrication conditions imposed, into a specific, suitably 
designed structure, and to perform satisfactorily in the intended service”. The definition 
of this term is a complex process. The evaluation of the whole successful process from 
the beginning of the first plan to the use of an application in its real environment is 
challenging. Term weldability is mainly used to describe and to compare how weldable 
the consumable is. 
Fe-, Co-, and Ni-based alloys are mainly used as powder consumables. All metals can 
be produced in the powder form. Gas or water atomization powder production methods 
are the dominant and perhaps the most versatile methods that produce metal powders at 
high production rates. Various powder production methods allow precise control of the 
chemical composition and the physical characteristics of the powders. Variation of the 
chemical composition of the powder and the powder fraction have effects on the 
properties of the deposit, the viscosity of the molten pool, the consumable efficiency, 
and the size of the molten pool, even though the chemical composition is in the 
approved range (Dilthey et al., 1996b; Dunkley, 1998; German, 2005).  
2.3.1 Gas atomized powder 
Water, nitrogen, and argon gas are used in the metal powder atomization processes. The 
nitrogen and argon atomized powders are usually spherical. Nitrogen atomization can 
lead to a poor powder shape and to a high retained gas content, which may lead to 
irregular and porous weld deposits (Dunkley, 1998; German, 2005; Hunt, 1988). 
The water atomized as well as crushed carbide powders tend to be irregular in shape, 
while the gas atomized powder is spherically shaped. In Figure 11 is presented the 
effect of the powder manufacturing method on powder feed rate. The deposit can be 
thicker or thinner depending on the powder used, if welding parameters are not 
changed. Therefore, the dilution can also change. Powder feed rate and plasma arc 
current can be varied so that the thickness and the dilution of the weld bead remain 
constant during the PTA welding method (Dören et al., 1985; German, 2005).  
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Figure 12 Gas atomized powder production method (German, 2005) 
2.3.2 Micropellets 
The wear resistance can be enhanced by adding ceramic carbides to the matrix alloy. 
The deposit is then so called metal matrix composite, MMC. MMCs have a combination 
of mechanical and physical properties, the properties of which can be tailored by 
selecting a metal matrix alloy and a reinforcing phase or carbide. MMCs have high 
stiffness, strength, and hardness. The wear and the corrosion resistance can be tailored 
according to the application. The optimal microstructure of the deposit depends on the 
application. 
Weldability of the powder alloy determines partly the properties of the deposit. The size 
of ceramic carbides is typically around 100 µm. High volume fraction or large-sized 
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ceramic carbides decrease the weldability of the alloy. The maximum amount of 
carbides in the MMC is about 60 vol.-% (Tsubouchi et al., 1997). In the wear resistant 
MMC deposits, large-sized original carbides of the powder consumable have to remain 
at least partly unmelted during the surfacing procedure. The original carbides can be 
introduced straight into the weld pool with the external powder feed nozzle, if necessary 
(Röthig et al., 1997). The melting of the original carbides in the plasma arc is, thus, 
prevented or minimized (Hunt, 1988; Herrström et al., 1993; Kammer et al., 1991). 
The hard wear resistant carbides are commonly manufactured by crushing and, 
therefore, the shape of the carbides is irregular. The mixed powders, which are based on 
the metal powder manufactured by the gas atomization and the crushed carbides, have 
proneness to separate in the powder consumable hopper and the feeding cable due to 
differences between the density, the size, and the morphology of the particles. Surfacing 
layers tend also to exhibit segregation at the time of melting. The particles with a higher 
density tend to settle to the lower regions of the deposit and the particles with a lower 
density tend to settle to the upper regions of the deposit (Lugscheider et al., 1990; 
Lugscheider et al., 1995).  
The micropelletizing produces agglomerates of spherical form, irrespective of the initial 
particle form, size, morphology, or density, which is the main reason to use them. Any 
kinds of mixtures can be adjusted. The density of the agglomerated powder is possible 
to enhance by sintering. The density of the powder has also an effect on the powder 
feeding properties (Lugscheider et al., 1990; Lugscheider et al., 1994). 
By micropelletizing, it is possible to manufacture the micropellets from the sub-
micrometer-sized particles. As micropellets, the fine particles are agglomerated and, 
thus, carried together in the powder feeding system. The dust-like fine particles may 
interfere the feeding of the powder, but when the fine particles are adhered to the larger 
particles the problems do not appear in the powder feeding system. This increases the 
ability of flow of the composite powders as compared with the mechanically 
homogenized ones (Lugscheider et al., 1990; Lugscheider et al., 1992). 
In Figures 13a-d the morphology of differently produced powders are presented. In 
Figure 14 the basic metal matrix alloys and the reinforcing carbides, which can be 
included into the micropellets, are schematically presented. The morphology of the 
micropellets is markedly enhanced when comparing to the morphology of the tailor-
mixed powders (Lugscheider et al., 1990; Lugscheider et al., 1994).  
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The consumable efficiency can vary depending on how the powder is fed to the plasma 
arc. According to Dilthey et al. (1998) the consumable efficiency is not optimized, 
when external coaxial annular powder feed nozzle is utilized. This nozzle allows 
melting of the powder particles up to 200 μm. Also arc deflections can occur especially 
if the powder is fed to the arc from several channels instead of an annular nozzle. 
Internal powder feed system, where the powder is fed with a carrier gas through the 
hollow electrode straight to the plasma arc, provides longer dwell time for a powder 
particle. Thus, larger particles up to 300 μm can be melted. It is also possible to feed the 
powder straight to the molten pool, which is more common in the laser welding method, 
LB (Klimpel et al., 2005). A simple and useful system is to use gravitational force to 
assist the powder feed. Anyway, the powder traveling time in the plasma arc is very 
short, at least, when compared to the time in the molten pool.  
With an increase in the consumable feed rate, more plasma arc heat is required to melt 
the consumable and less heat remains to melt the base material and, thus, the dilution 
decreases. At the same time the thickness of the deposit increases, if the other 
parameters are not changed. Larger deposition rate basically requires an increase in 
plasma arc current. However, it is obvious that finally, when the thickness of the bead 
increases the plasma arc is no more able to form penetration. The plasma arc location is 
then on the molten pool (DuPont, 1998; Marantz, 1980). 
2.4 Modeling 
The effect of the plasma arc on the PTA welding method can be modeled. The arc and 
the melting efficiencies and their effects on heat input as well as physical properties of 
materials and welding parameters have to be known to get exact estimation about the 
PTA welding method. The oscillation of the plasma torch is not included to the 
equations, thus, these equations describe more the conventional PA welding method. 
However, the physical properties and welding variables, which have an effect on the arc 
and the melting efficiencies, are determined. 
2.4.1 Arc and melting efficiency 
Term thermal efficiency, t, considers both the arc efficiency, a, and the melting 
efficiency, m. The arc efficiency describes a fraction of total heat load which has been 
transferred from the plasma arc to the component to be welded. A fraction of energy 
which has been used to melt the powder and the base material is considered as melting 
efficiency. The weld material has no effect on the arc efficiency. The melting efficiency 
depends strongly on the process parameters (DuPont et al., 1996). 
The plasma arc efficiency in the PA welding method is lower and more variable than 
the arc efficiency in the GTA welding method, because of the plasma nozzle. However, 
the penetration of the weld bead at the same heat input is higher in the deposits welded 
by the PA welding method when compared to the deposits welded by the GTA welding 
method. Increasing welding speed to a certain rate and pulsating plasma arc current 
effectively increase the plasma arc efficiency. The effect of the pulsed plasma arc on the 
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arc efficiency is not as stable in the PA welding method as in the GTA welding method. 
Decreasing pulsed current duty cycle decreases the arc efficiency in the welding 
process, while decreasing pulsed current duty cycle increases the melting efficiency. 
One benefit of the pulsed current is high melting efficiency at low welding speeds. The 
main difference between the GTA and the PA welding methods, i.e., the plasma nozzle, 
has an effect on both the arc and the melting efficiency. Thus, the plasma nozzle 
diameter depends on, e.g., powder feed rate, following the inability to get an exact 
comparison between the methods and the surfacing situations. The plasma nozzle is also 
water-cooled, and the removed heat energy is not known. As a conclusion melting 
efficiencies of the PA and the GTA welding methods are close to equal. The melting 
efficiency was slightly better for the PA welding method (Fuerschbach et al., 1991). 
However, DuPont et al. (1996) measured that both calculated and measured melting 
efficiencies were lower in the PA welding method when compared to the other 
conventional welding methods. 
The difference between measured and predicted results was observed to be within         
± 10 % (Giedt et al., 1989). The plasma arc efficiency is assumed to be 0,47±0,03 
(DuPont et al., 1996), 0,50-0,75 (Fuerschbach et al., 1991), and 0,55-0,80 (Gladky et 
al.,1990). The measurements conducted by Seebeck Envelope arc welding calorimeter 
disclose that the arc efficiency of the plasma arc decreases slowly from 0,50 to 0,44 
with increasing plasma arc current from 200 to 400 A (DuPont et al., 1996). Seebeck 
Envelope arc welding calorimeter has been disclosed by Giedt et al. (1989). The 
combination of the thermopile and gradient layer forms a heat-rate meter based on the 
Seebeck thermoelectric effect, thus, the calorimeter is called as Seebeck Envelope 
Calorimeter. The arc efficiency measurements are usually based on measurements made 
with calorimeters. The reproducibility of the measurements is excellent, the errors being 
about 2 % (Dilthey et al., 1993; Giedt et al., 1989; Kou et al., 1986). Equation 3 
estimates the arc efficiency, , and it is based on heat conduction and average constant 
thermal properties, even though fluid flow and convection heat transfer can be very 
important affecting the weld penetration (Giedt et al., 1989): 
 = [(  Tamb )  ] ,   (3) 
where Tr is temperature at radius r from the point source, Tamb is ambient temperature, 
is thermal conductivity, r is radial distance from the point source, U is arc voltage, I is 
arc current,  is welding speed,  is thermal diffusivity, and y is coordinate parallel to 
the welding direction. 
A dimensionless parameter, Pp, which correlates with the melting efficiency, , is 
presented in equation 4 (Fuerschbach et al., 1991): 
Pp    ,     (4) 
where qnet is net power, Em is melting enthalpy, kin, mp is kinematic viscosity at melting 
point, and 300 K is thermal diffusivity at 300 K. 
41 
The melting efficiency depends about two- or three-dimensional heat flow and base 
material thermal diffusivity. Higher thermal diffusivity as well as thicker work piece 
cause low melting efficiency, because heat is transported more rapidly away from the 
welding area. The melting efficiency depends on oscillation width, i.e., wider pass 
increases the melting efficiency (Rykalin, 1957). It is generally supposed that no 
spattering occurs. Equations 5 and 6, which are based on experimental data, disclose 
melting efficiencies for the welds having 2D or 3D dimensional heat flows 
(Fuerschbach et al., 1991): 
 0,407 ,     (5) 
 0,346  .     (6) 
The melting efficiency, , can be also estimated by equation 7 which includes 
experimentally determined constants A and B (DuPont et al., 1996; Fuerschbach et al., 
1991): 
 A  ,    (7) 
where A is maximum melting efficiency, e.g. 0,5 and B is slope on a plot of 
against ( )-1, e.g. 175. 
2.4.2 Heat input  
The temperature of the molten pool depends mainly on the physical properties of the 
material. The main thermal parameters are thermal conductivity, , [J/mmsK], specific 
heat capacity, c , [J/gK], density, , [g/mm3], and thermal diffusivity, , [mm2/s]. These 
parameters depend on the temperature. Thus, the constants are average values of the 
parameters which vary in a wide temperature range (Radaj, 1992).  
The transferred plasma arc, i.e., the heat source can be assumed to be a spot or a circular 
heat source. Thermo-physical properties of the base material are constant and 
correspond to the mean process temperature. Heat transfer to the air is not considered. 
Heat conduction from the surface of the deposited area is poor resulting in hot surface in 
relation with interior parts of the base material if preheating is not used.  
General presentation of Gaussian distribution of radial specific heat input to the surface 
of the base material is presented in equation 8. It is presumably designed for the open 
arc, but can be used to explain the phenomena of the plasma arc. Arc intensity, i.e., 
plasma nozzle, plasma gas, plasma gas flow rate, and plasma arc current, have an effect 
on the coefficient of arc concentration. Gaussian distribution of the specific heat input to 
the base material is (Pavelic et al., 1969; Rykalin, 1957): 
q(r)  q(0) ,     (8) 
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where q(r) is specific heat input at a radial distance of r from arc axis, q(0) is maximum 
heat input along arc central axis, and C is coefficient of arc concentration. 
If a uniform power density is distributed into a circle, its diameter on the base material 
is dc . The energy input into this area is presented in equation 9 (Goldak et al., 
1984). More concentrated arc has smaller circle diameter, dc, and larger value of C. 
Energy input is then (Goldak et al., 1984; Kou, 1987): 
q(0)     U I.     (9) 
Effective thermal power of the arc, which is needed for melting the powder consumable 
and a thin layer from the surface of the base material, is presented in equation 10. The 
estimated and the measured data were in good agreement. The actual temperature of the 
work piece was slightly higher at the start and lower at the end when compared to the 
estimated work piece temperatures. Effective thermal power of the arc is (Nefedov et 
al., 1995): 
qeff =  (  Es  1,07 c  (Tm, bm – Tf, bm)),   (10) 
where ld is displacement of the plasma arc, hb is thickness of the weld bead, Es is 
specific volume enthalpy of the deposit material including latent heat of melting, c  is 
specific volume heat capacity of the material of the component, wb is width of the weld 
bead, Tm, bm is surface temperature ensuring melting of the deposit and the base 
material, and Tf, bm is temperature at front of the surfacing point. 
If the component is welded by oscillating the plasma arc, heat input is difficult to 
estimate. Modeling of heat input can be made for the straight beads and for the rotating 
shafts, which are surfaced with rotational movement of the rotating table and the work 
piece and with linear movement of the plasma torch. Thus, the movement of the weld 
spot in the surface of the work piece is a spiral. 
The effective thermal power of the plasma arc in the second and the subsequent beads 
when the rotating shaft is surfaced with longitudinal displacement of the plasma arc in 
relation with the shaft axle is presented in equation 11. The bead width, wb, is constant 
and it can be estimated from equation 10. The effective thermal power of the first and 
the subsequent turns is (Nefedov et al., 1995): 
qeff, n 2  1,07 c  [Tm, bm  T0, bm
 (  )],     (11) 
where T0, bm is initial temperature of the base material, Rs is radius of a shaft to be 
deposited,  =  n is dimensionless surfacing time of n turns, n is number of 
deposited beads without preheating, qeff, n is effective thermal power at nth turn, 
is function of heat distribution, and  is relative surfacing step (ld/ . 
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If the shaft is preheated in the area of the first bead, the effective thermal power of the 
first and the subsequent beads can be estimated from equations 12 and 13 (Nefedov et 
al., 1995): 
 1,07 c  [ Tm, bm  T0, bm     ´   ] ,
      (12) 
qeff, n 2  1,07 c  { Tm, bm  T0, bm  [ 
 (  )  qeff, l ´  ] },  (13) 
where  is effective power of the plasma arc in local preheating and n´ is number of 
deposited beads with preheating. 
2.4.3 Thermal changes of powder particles  
Thermal changes of a powder particle are (Xibao, 2003): 
1. formation of a powder particle active boundary, 
2. elevating of a powder particle temperature at solid state, 
3. melting of a powder particle, 
4. elevating of a powder particle temperature at liquid state, 
5. evaporation of a powder particle. 
The parts 3-5 do not initiate if the plasma arc energy is not enough to initiate these 
steps. The powder particle can be so large or it has high melting or evaporation point 
and, thus, some of these steps may not always initiate. The 50 µm sized powder 
particles of Fe and boron carbide, B4C, require about 0,8 and 1,0 µs for formation of 
powder particle active boundaries, respectively. The solid heating time, TSH, melting 
time, TM, and liquid heating time, TLH, for a particle in the plasma arc column can be 
estimated by using equations 14, 15, and 16 (Xibao et al., 2002): 
     ,   (14) 
   ,    (15) 
    ,   (16) 
where  is mass density of a powder particle, rp is radius of a powder particle, T0, p is 
initial temperature of a powder particle, Tm, p is temperature of a powder particle at 
melting point, Cp is specific heat of a powder particle, Tp is temperature of a powder 
particle, S  is heat conducting potential of Ar plasma fluid at plasma temperature, SP is 
heat conducting potential of Ar plasma fluid at powder particles temperature, Re is 
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powder consumable (DuPont, 1998). It is obvious that the plasma torch design has an 
effect on the plasma arc melting efficiency.  
Equation 17 estimates the maximum volumetric powder consumable feed rate, Vpc, max, 
of the metal powder consumable (DuPont et al., 1996): 
Vpc, max ,     (17) 
where Epc is melting enthalpy of the powder consumable. 
Estimation of the dilution is possible in theory if precise arc and melting efficiencies of 
the plasma arc are known. The dilution of the weld bead can be estimated by equation 
18 and the melting efficiency of the arc by equations 5, 6, or 7. The correlation between 
the measured and the estimated melting efficiency is good for GMAW and SAW 
methods, moderate for the GTAW method, and poor for the PAW method. Low and 
varying arc efficiency of the PA welding method limits the accuracy of the melting 
efficiency. The dilution correlates at least with welding parameters U, I, , and 
volumetric powder consumable feed rate, Vpc. Equation 18 does not notice welding 
speed. Studied welds were deposited onto 6,4 mm thick A36 carbon steel. The powder 
consumable was AISI 308 austenitic stainless steel alloy. The dilution of the first bead 
layer is (DuPont et al., 1996): 
[%]  100,   (18) 
where Ebm is melting enthalpy of the base material. 
2.4.5 Dissolution of carbides 
The dissolution of a carbide particle depends strongly on the initial particle size, d0. The 
thermal stability can be estimated from bond enthalpy of the particle (Lugscheider et al., 
1994). The most important factors controlling the dissolution of the carbide are the 
temperature of the molten pool, the melting point of the carbide, the size of the carbide, 
the chemical content of the alloy, and the distribution of the alloying elements in the 
matrix. Equation 19 is valid only for short intervals, because it is derived by considering 
one particle in an infinite matrix. Equation is for a cementite particle in a steel matrix, 
but it can be used also for the other types of carbides. Time to dissolve a particle, tdiss, is 
(Ågren, 1990): 
 ,     (19) 
where  is driving force and  is diffusivity of carbon in austenite. Driving force, , is 
a measure of driving force depending on carbon contents at the matrix and the carbide 
particle. Carbon content is typically higher nearby the carbide-matrix interface when 
compared to carbon content at a relative distance from the carbide-matrix interface. 
Thus, carbon tends to dissolve from the carbide. The carbon flux in cementite is 
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approximated to be negligible. Driving force is obtained from equation 20 (Ågren, 
1990): 
     ,              (20) 
where  is carbon content in austenite close to the carbide-matrix interface,  is 
carbon content in austenite, and  is carbon content in cementite. 
The volume fraction of carbides as a function of time is presented in equation 21 
(Ågren, 1990): 
vft(t)   ,    (21) 
where vft(t) is the volume fraction of carbides as a function of time, t, and is the 
initial volume fraction of carbides. 
2.4.6 Weld pool convection  
Fluid in gaseous or liquid form is subject to convection, which is fluid motion caused by 
an external force. Convection has effect on the weld pool shape, mixing, homogeneity, 
segregation, porosity, evaporation of alloying elements, and weld pool oscillation. 
Especially, convection promotes mixing and homogeneity of the weld microstructure 
(Messler, 1999).  
The factors affecting the weld pool convection are electromagnetic or Lorentz force 
(Figure 20c), Fem, buoyancy or gravity force (Figure 20a), Fb, surface tension or 
Marangoni force (Figure 20b), F , and impinging, friction or aerodynamic drag force of 
the arc plasma (Figure 20d), Farc, are the driving forces for convection in the weld pool 
(Messler, 1999; Ushio, 1991). Only surface tension force is not originally based on an 
external force. Flow in the cross-section of the weld pool is called as poloidal or 
meridional flow. Flow from the edge to the center of the molten pool is called as 
convergent flow, Figure 20c and 20d, and flow from the center to the edge is called as 
divergent flow, Figure 20a and 20b. Convergent flow is unstable and tends to form a 
spin. The reason is fluid flow caused by depression of the arc in the centerline of the 
molten pool and the fluid flow from the other parts of the molten pool, i.e., resulting in 
collision between these two flows. Finally, the result can be toroidal flow, which is flow 
around the center hole in the molten pool. Divergent flow is more stable (David et al., 
1989; Messler, 1999).   
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bottom of the molten pool. Impinging force tends to promote mixing in the welds 
welded by the PA welding method (Messler, 1999). 
Arc oscillation and current pulsing have also effects on convection of the molten pool 
by reducing macrosegregation, removing porosity, and refining the microstructure 
(Messler, 1999). It is concluded that electromagnetic force is the major determinant of 
the penetration shape and aerodynamic drag force has a secondary role (Yokoya et al., 
1994). The weld pool convection is usually the result of combinations of forces caused 
by the welding method, the welding parameters, the material characteristics, and the 
environment (Messler, 1999).  
Three major factors which have effect on the weld pool convection are (Yokoya et al., 
1994): 
1. the pattern of heat input from the arc, 
2. the current distribution, 
3. the interaction between complex convection driving factors. 
The first three forces can be presented in the next three equations (Ishizaki et al., 1994; 
Kou, 1987; Messler, 1999; Yokoya et al., 1994): 
Fem Jcd Bmf,      (22) 
Fb   lm e g (Tmp ),    (23) 
F ,        (24) 
where Jcd is current density vector, Bmf is magnetic flux vector, lm is density of liquid 
metal, e is coefficient of thermal expansion of liquid metal, g is gravitational 
acceleration, Tmp is temperature of the molten pool, T0, mp is reference temperature of 
the molten pool (e.g. melting temperature), s is surface tension of liquid metal, and 
is temperature gradient at the weld pool surface.  
2.4.7 Weld pool solidification 
A weld bead consists of four zones, i.e., fusion zone, FZ, partially melted zone, PMZ, 
unmelted heat affected zone, HAZ, and unaffected base material. Parameters, which are 
important in determining the microstructure of the molten pool are growth rate, 
temperature gradient, undercooling, and chemical composition of weld alloy. Thermal 
gradient is strongly affected by convection in the molten pool. Cooling rate mainly 
depends on welding speed. Cooling rate in the weld pool varies from 10 to 103 Ks-1 for 
arc welding processes. Cooling rate which is even greater can be achieved (Chen et al., 
1993). For the laser, LB, and the electron beam, EB, welding methods cooling rate 
varies between 103-106 Ks-1 depending on the welding parameters. Solidification 
behaviour has a strong effect on the size and the shape of grains, segregation, 
distribution of inclusions, porosity, and hot cracks. Soaking time at high temperatures 
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and cooling time from 800 to 500 ºC have an effect on the microstructure and the 
mechanical properties of the weld deposit (David et al., 1989; Oberländer et al., 1992).  
Cooling rate 0,4-8,0 x 103 Ks-1 can be estimated with equation 25. Cooling rate can be 
estimated when the secondary arm spacing is measured from the microstructure and 
placed into equation 25 (David et al., 1989; Jones, 1990; Oberländer et al., 1992): 
CR ,     (25) 
where CR is cooling rate, a1 is an empirical constant, 60 µm, a2 is an empirical constant, 
0,32, and Dsas is secondary arm spacing, 3-8 µm. 
2.4.8 Interactions of welding parameters 
The comparison between direct and interaction effects of welding parameters can be 
made by factorial analysis experiments (Box et al., 1978; Cochran et al., 1950; Harris et 
al., 1983). The costs and time can be reduced, when information is required about the 
effects of the welding parameters on the bead geometry or the dilution, for instance. 
Babi (1991) disclosed that the parametric relationship of the PTA welding method has 
unpredictable nature especially when blended nickel alloys are used. In this method it is 
possible to decrease the number of experimental runs. Always, successful surfacing 
procedure requires optimization of welding parameters to have low dilution and crack-
free overlay (Murugan et al., 1994). The models can be checked for adequacy and 
significance by using significance tests and confidence intervals (Box et al., 1978; 
Harris et al., 1983; Herrström et al., 1993; Marimuthu et al., 2003).  
The factorial technique for estimating weld quality has so far been utilized only for 
estimating deposit dimensions like height, width, hardness, and dilution. The effects of 
welding parameters and the interactions between welding parameters on the 
microstructure and the properties of the deposits in the wear tests and the real 
environments have not been studied. The state of the process changes during the 
surfacing process in a way, which is impossible to estimate, e.g., the temperature of the 
work piece changes. Thus, exact information of welding parameter variables on the 
microstructure and the deposit wear resistance are difficult to estimate (Harris et al., 
1983; Kapus, 1980; Murugan et al., 1994).  
The study plan for factorial analysis contains (Murugan et al., 1994): 
1. identifying the important process variables, 
2. identifying upper and lower limits of the studied variables, 
3. developing the matrix, 
4. conducting the experiments as per the design matrix, 
5. recording the responses, 
6. developing the mathematical models, 
7. estimating the coefficients of the polynomials, 
8. checking the adequacy of the models developed, 
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9. testing the significance of the regression coefficients and getting final 
mathematical models, 
10. presenting the main effects and the significant interactions, 
11. analysis of the results. 
In Table 2 the effects of the welding parameters on the dilution, the hardness, the width, 
and the height of the deposit are presented. The effect of each of the six welding 
parameters was estimated at several levels of the other factors by a factorial analysis 
computer program. In the factorial matrix the welding parameters were plasma arc 
current, plasma gas, transport gas, oscillation frequency, welding speed, and working 
distance. One possible welding parameter to study by the factorial analysis experiment, 
which was not included in this test, is powder feed rate. 16 test combinations were 
carried out. 
The studied deposit material was Stellite 6. The powder fraction range was 63-180 μm. 
Nominal composition of Stellite 6 was Cr 28,0 %, C 1,0 %, W 4,0 %, Si 1,0 %, and bal. 
Co. The base material was low alloyed steel (C 0,2 %, Mn 1,6 %, Si 0,3 %, and bal. Fe). 
The input factors were current 100-130 A, plasma gas Ar flow rate 1-3 l/min, carrier gas 
Ar flow rate 2-4 l/min, oscillation frequency 82-90 osc./min, welding speed 5-7 cm/min, 
torch distance 6-14 mm, and powder feed rate 1 kg/h. Shielding gas was Ar + 5 % H2
(10 l/min). Preheating was not used (Herrström et al., 1993). 
The results indicate that the most significant parameters affecting the dilution and the 
hardness of the deposit are plasma arc current and plasma gas flow rate. The effects of 
welding speed and oscillation frequency on the dilution depend on the other parameters 
used such as powder feed, plasma arc current, oscillation mode, etc. These parameters 
in the first place determine the thickness and the width of the bead, even though they 
have a minor effect on the dilution according to the estimation. The increasing working 
distance has an increasing effect on the dilution. The effect of the transport gas on the 
dilution was unclear (Herrström et al., 1993). 
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Preheating temperatures of 250-300 °C are used to help the surfacing process of valve 
heads with cobalt-based powders (Klimpel et al., 2005). Preheating temperature of the 
work piece can be even 900 °C (Mathew et al., 1980). Temperature gradient in the 
component in front of the arc at the start and in the end of surfacing a weld bead can be 
600-800 ºC (Nefedov et al., 1994). When heat input to the base material was controlled 
with decreasing plasma arc current, the temperature of the work piece decreased from 
850 ºC (constant power) to 650 ºC (decreasing plasma arc current). The bead width 
increased about 1/3, when the power of the plasma arc was not adjusted (Nefedov et al., 
1995). Cooling rate is lower with higher preheating temperatures. For the deposits 
welded by the GTA welding method the welding parameters were arc efficiency 0,7, arc 
current 200 A, and arc voltage 10 V; cooling rate without preheating was approximately 
71 °C/s and for 250 °C preheating 20 °C/s (Kou, 1987).  
  
The preheating temperature has a remarkable effect on the dilution of the deposit. For 
instance, using plasma arc current 100 A and powder feed rate 1,6 kg/h, the dilution of 
the deposit increases about 11 %, while the preheating temperature increases from RT to 
200 °C (Hunt, 1988; Sharples, 1985). The effect of preheating temperature on the 
dilution depends on the welding parameters, i.e., plasma arc current, plasma gas flow 
rate, heat input per unit length, deposition rate, bead dimensions, and oscillation 
parameters. The difference is higher in the thinner deposits and the smaller components. 
Gatto et al. (2004) welded by the PTA welding method a bead on a groove in a small 
disc-shaped sample, the size of which was Ø 150 x 35 mm. The temperature of the work 
piece increased from RT to 230-240 °C depending on the welding parameters. Thus, the 
temperature of small components increases rapidly, even though preheating is not used. 
3 Degradation of materials 
Degradation of the welded deposits depends on many factors. Wear of the materials 
depends firstly on the wear mechanisms. All of the wear mechanisms can take part to 
the wear of the deposit. Chemical composition of the deposit has an effect on the 
microstructure of the deposit. Material properties like hardness, carbon content, alloy 
content, hard phases, microstructure, and fracture resistance have an effect on the 
abrasive wear (Budinski, 1988; Zum Gahr, 1987). The microstructure has many factors, 
like the volume fraction of carbides, the size of carbides, the MFP, and the matrix 
phases, which have effects on the degradation of the deposit (Buchely et al., 2005; Zum 
Gahr, 1987). The abrasive, its hardness and size distribution are hard to estimate. The 
effects of the welding operator, the welding process, and the finishing process on the 
properties of the deposit are remarkable. Finally, the whole environment where the 
component surface is planned to survive, is seldom known. Thus, it is challenging to 
optimize the properties of a component. 
The tribological performances of the coatings and their chemical, microstructural and 
mechanical features change, when plasma arc current, powder mass flow rate, and 
welding speed are modified, for instance. At different powder consumable feed rates 
current intensity influences both from the mechanical and the microstructural point of 
view (Sintoni et al., 1992). 
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3.1 Wear mechanisms 
Between two contacting surfaces exists always two or more wear mechanisms. One 
wear mechanism normally dominates. The role of each wear mechanism can be small or 
large depending mainly on the load type, the materials, and the environment. Basic 
material parameters, which have effects on the wear by all wear mechanisms are 
composition, grain size, modulus, thermal conductivity, degree of work hardening, and 
hardness (Bayer, 1997). The wear interactions between the two surfaces are focused on 
a relatively thin surface section. Wear mechanisms describe the interactions between 
energy, friction, contact surfaces and, thus, wear. Processes without friction are usually 
also without wear phenomena and increasing friction does not always mean measurable 
wear loss (Zum Gahr, 1995).  
Interacting material surfaces have many tribological parameters. In any wear situation 
four tribocomponents can be identified, i.e., first and second triboelement, interfacial 
element, and environmental medium (Czichos, 1997). Typical interfacial element can be 
dust, lubricant, or wear debris. Environmental parameters are mainly air or corrosive 
atmospheres. Operational parameters, i.e., motion, load, velocity, temperature, and 
duration, characterize the functional conditions of the tribosystem. Interaction 
parameters between the tribocomponents characterize the contact mode between the 
tribocomponents. Tribological processes are also called as wear mechanisms. 
Depending on the source classification of the wear mechanisms varies. One of the 
classifications of wear mechanisms is adhesion, abrasion, surface fatigue, and 
tribochemical reactions (Blau, 1989; Holmberg et al., 1994). Other wear modes, which 
can be included to basic wear mechanisms are at least cavitation, corrosive, 
delamination, erosion, fretting, and impact wear.  
In Figures 27a-d are presented the basic wear mechanisms. In Figure 27a is presented 
adhesion, where asperities of two surfaces are in contact and the surfaces may adhere 
strongly and asperity junctions, i.e., cold-welded junctions, can be formed. Typically 
surface of the softer material is removed. In Figure 27b is presented plastic deformation 
both in asperity wear and in abrasive wear. Abrasive wear causes removal of material 
because of the scratching effect of the abrasive particle or asperity of the material 
surface. In Figure 27c is presented surface fatigue wear. Fatigue crack growth results 
from surface load and unload. The stress levels are such that the substrate can manage to 
survive once, but after repeated cycles a crack can be initiated. Surface fatigue leads to a 
formation of cracks in the contact surfaces and as a result to debris formation. In Figure 
27d is presented chemical wear, which is initiated by environment atmosphere and 
contact mechanisms. The result can be the formation of small or bigger wear debris. The 
formation of chemical reaction products as a result of chemical interaction between the 
contact surfaces can also be possible (Blau, 1989; Holmberg et al., 1994).  
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as scratching abrasion and high stress abrasion as grinding abrasion. However, wide 
range of abrasive contact stresses present in high stress abrasion and at least part of 
those stresses are in high stress range (Avery, 1981; Bhansali, 1980; Budinski, 1988).   
High stress abrasion is obtained if the wearing parts have normal force high enough to 
crush the abrasives (Bhansali, 1980). Crushing strength of quartzite rock is 206 MPa or 
21 kg/mm2 (Avery, 1981). High stress abrasion is characterized by scratching, plastic 
deformation, and pitting of the indented abrasives. Plastic deformation is typically 
obtained with ductile materials. Deep scratches in the direction of motion are typically 
obtained from the wear surface. Enhancing compressive strength of the surface is an 
effective way to resist degradation. It is a benefit, if the surface hardness is higher than 
the abrasive hardness, since then crushed abrasive or at least its angular edges become 
more round. An example about high stress abrasion is milling of minerals (Avery, 1981; 
Bhansali, 1980; Budinski, 1988). 
Gouging is a form of high stress abrasion where big-sized grooves and gouges are 
formed on the wear surface. Gouging can be a result of, e.g., low stress abrasion, high 
stress abrasion, or sliding wear and impact wear. The mechanism is plastic deformation 
and chip formation. Fatigue wear and fracture of materials may also be the result of 
repetitive action of, e.g., crushing of rocks. Hammermill hammers is one of the 
applications where gouging is obtained (Avery, 1981; Bhansali, 1980; Budinski, 1988). 
Polishing wear is wear without scratching, fracture, or plastic deformation. Material is 
removed from the surface which causes changes in the material dimensions. Polishing 
causes micro-chip removal and, thus, it is a reason to categorize it to the abrasive wear 
mechanisms. Micro-chipping is occurring if the abrasive size is above 3 m. With small 
abrasive particles and low normal forces molecular or atomic scale material removal 
may also occur. Steel handrail is a typical application under repeated polishing wear 
(Budinski, 1988; Zum Gahr, 1995). 
In Figures 30a-c are presented the behavior of the deposits under the abrasive wear load. 
In Figure 30a is presented material loss of soft and ductile material by microploughing 
and microcutting. Microfatigue can also occur, when material is under repeating 
microploughing. In Figure 30b is presented material loss of relatively hard and brittle 
material as compared to Figure 30a. The material loss is happening due to microcutting 
and microcracking. In Figure 30c is presented spalling of the deposit. Spalling can occur 
depending on the properties of the deposit and the deposit-base material interface. 
Above critical loads, spalling of the deposit becomes more important type of wear. As a 
result of Figures 30a-c it can be seen that a combination of the deposit hardness and 
toughness must be found to optimize the abrasive wear resistance of the deposit (Zum 
Gahr, 1995). 
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     ,     (27) 
where  is mean attack angle. Attack angle 30º results Ha  1,26 Hbm. Attack angle 
may vary in three-body abrasive wear, because abrasives can reorientate during rolling 
between contact surfaces (Zum Gahr, 1987). 
The wear volume caused by conical indenter can be estimated by equation 28 
(Rabinowicz, 1965): 
V             (28) 
where V is wear volume,  is a weighted average of the tan  values of all the 
individual abrasives, P is normal load, and l is sliding distance. 
The effect of the carbide size distribution on the abrasive wear resistance is not largely 
studied. The mono-sized carbide fraction is not an optimal microstructure for the wear 
resistant alloys, because no constant wear exists at real environments. Larger carbides 
are believed to hold the wearing load and the smaller carbides shield the matrix against 
the wearing load with the low MFP. By modeling it was found that with 19 % large,      
8 % medium, and 8 % small scale particle contents the optimum wear resistance can be 
obtained (Hu et al., 2005).  
As well as the carbide size distribution, the abrasive size distribution has an effect on 
the abrasive wear resistance. Mixed abrasive particle size distribution increases abrasive 
wear when compared to the mono-sized abrasives (Budinski, 1988). 
The MFP ( MFP), can be estimated if the volume fraction of carbides, the volume 
fraction of matrix, and the number of carbides per unit length is known (Nishida et al., 
1993). The MFP is related to average diameter of the abrasives, da. It is more accurate to 
measure the MFP from the microstructure. At the ratio MFP/da > 1, the abrasive 
particles can wear-off the matrix, because the sizes of the abrasives are smaller than the 
MFP. At the ratio MFP/da < 1, the abrasive particles cannot wear-off the matrix, because 
the MFP is smaller than the sizes of the abrasive particles leading to situation where the 
counterparts for the abrasives are the carbides. Therefore, the ratio MFP/da should        
be <1, when high abrasive wear resistance is needed. In Figures 34a, b is presented a 
schematic presentation of the abrasive wear mechanism of the composite materials. 
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where Hdef is hardness measured on the wear debris, E is elastic modulus,  is 
coefficient of friction, 2  is angle of abrasive tip, and Rp is tip radius of an abrasive. 
Hardness is not always in relationship with the wear resistance (Baeslack et al., 1996). 
Normal load increases the abrasive wear of the Stellite 6 deposit more efficiently when 
compared to sliding velocity and track radius (Shanmugam et al., 2004). The 
relationship between wear volume, hardness, normal load, and sliding distance in 
various tribological processes is estimated by equation 33. It is applied for many wear 
processes, especially for adhesive wear. The term hardness should have a correction 
multiplier from 1,5 to 3 (Budinski, 1988; Tucker, 1997). The Archard law is (Archard, 
1953): 
V =   ,      (33) 
where K is a wear coefficient. K is a constant related to the probability per unit 
encounter of production of a wear particle. Constant K is related to the sharpness, 
geometry of the asperity or particle causing the wear (Bayer, 1997). Magnitude of 
constant K can vary in a large scale. 
In equation 34, the abrasive efficiency, fab, is related to Archard wear coefficient K 
(Kato, 1997): 
K    fab  ,     (34) 
where volume of a scratch groove, Ag, is (Kato, 1997; Zum Gahr, 1987):  
Ag    .  (35) 
According to the Khruschov’s rule the wear resistance of a structurally heterogeneous 
material is equal to the sum of losses of the volumetric shares of the separate phases 
multiplied by the relative wear resistances. The Khruschov’s rule cannot give exact 
estimations. For instance, the abrasive wear resistance of tungsten carbide with cobalt 
bond is 2,5 times lower than the rule estimates. The rule is designed for metal-metal 
composites, not for metal-ceramic composites. The Khruschov’s rule for the multiphase 
system is (Garrison, 1982; Khruschov, 1974): 
 ,     (36) 
where W is wear resistance,  is the volume fraction of ith phase, and i is wear 
resistance of ith phase. 
Chen et al. (1990) have presented enhanced version of equation 36, which is presented 
in equation 37. Equation 37 has a modification factor for the second phase. Equation 37 
is modified to interpret the wear data of the high-chromium white cast iron samples in 
which the microstructure, i.e., carbide volume fraction, carbide morphology, and matrix 
structure, were varied. Abra
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3.4 Strengthening mechanisms 
In crystals atoms are packed together in a regularly repeating pattern. Crystals are not 
perfect. The defects in them determine the crystal strength. The dislocation is a defect 
which allows material to deform plastically. Dislocation motion produces plastic strain, 
i.e., crystal yields. The possibilities of increase the resistance against dislocation motion 
are solid solution hardening, precipitate and dispersion hardening, and work-hardening. 
Also combination of previously mentioned ones is possible (Ashby et al., 1980). 
A crystal yields when the force (per unit length), b, exceeds the resistance opposing the 
motion of a dislocation, f.  is a shear stress. Most crystals have a certain intrinsic 
strength, which is the bond between the atoms. The bond has to brake and reform when 
the dislocation moves. Covalent bond has a large intrinsic lattice resistance per unit 
length of dislocation. Because of covalent bond, e.g., diamonds and carbides have their 
excellent hardness and strength. Strength of pure metals is low because of low lattice 
resistance. The dislocation yield strength, , is (Ashby et al., 1980): 
 ,        (39) 
where f is resistance opposing the motion of a dislocation (a force per unit length) and b 
is unit of slip, the Burgers vector. 
Hardening of metal is possible by making it impure. Impurities go into solution in a 
solid metal. Large atoms like chromium and nickel produce barriers to dislocation 
motion. The atoms replace the original metal atoms and form a random substitutional 
solution. The size of the atoms is different and after squeezing into the structure stresses 
generate. These stresses “roughen” the slip plane making dislocations harder to move. 
The smaller the spacing of the dissolved atoms the rougher is the slip plane. Thus, the 
resistance opposing the motion of a dislocation, f, and the dislocation yield strength, 
increases (Ashby et al., 1980).  
When the solute concentration in an alloy exceeds the limit of solubility of the matrix 
phase, nucleation and growth of second-phase particles begins if suitable thermal 
conditions are present. Second phase may precipitate as small particles, when it is 
dissolved in a metal or ceramic at a high temperature and the alloy is cooled to RT. At 
temperature close to solvus temperature only little driving force for the precipitation 
process exists even though diffusion kinetics is rapid. An optimal temperature for rapid 
precipitation is obtained at an intermediate temperature because of an ideal combination 
of particle nucleation and growth rates. It is also important to notice that dislocation 
looping is controlled by the spacing between particles, but not by the nature of the 
particle itself. Most steels are strengthened by the precipitates of the carbides obtained 
by this way. Small particles can be added into metals or ceramics by adding particles 
with powdered consumable, e.g., by the HIP process or the PTA welding method. Both 
ways increase the amount of small carbides in a path of dislocation, thus, preventing 
dislocation motion and plastic flow of materials. The greatest hardening is achieved 
with strong closely shaped precipitates or dispersoids, i.e., with the high volume 
fraction and the small M
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4 Objectives of the dissertation 
The main research areas in the development of the PTA welding method are the dilution 
of the deposits, the mechanical tests, the wear and corrosion tests, and the welding 
parameters which have effects on the dimensions of the weld beads. One of the biggest 
features of the process is the low dilution and, thus, the properties of the deposit are 
achieved by one-layer deposit. It is known that plasma arc current has a remarkable 
effect on the dilution, when the other welding parameters are constant. 
The welding parameters depend on the alloy. It is necessary to know the interactions 
between the welding parameters and the microstructure. When the PTA welding method 
is used for surfacing 12V tool steel onto the base material, the characteristic 
phenomenon of the welding process is the large molten pool for obtaining thick deposit 
by welding only one layer and, thus, problems in the dilution control. Therefore, the 
microstructure depends on the selected welding parameters. 
Firstly, the PTA welding tests were directed to evaluate the effects of the main welding 
parameters on the dilution control of the 12V tool steel deposit. The welding tests have 
been welded in seven parameter windows. To find out the effects of the plasma arc with 
selected parameters on the microstructure, the welding tests were made by varying 
plasma arc current step by step, while the other welding parameters were kept constant.  
Secondly, two welding procedures were tested: the plasma arc in the edge and on the 
molten pool. The microstructures of the 12V tool steel deposits surfaced with various 
welding parameters were analyzed after the surfacing process. Ar, Ar + 3 % H2, and   
Ar + 5 % H2 were used as carrier gas to find out the effect of carrier gas on the dilution 
control and the microstructure. The volume fractions of VCs, the sizes of VCs, the 
MFPs, and the retained austenite contents of the deposits were measured. The effect of 
the location of the plasma arc in relation with the molten pool on the microstructure was 
analyzed. The wear test was ASTM G 65-94 dry quartz sand rubber wheel abrasion test. 
The microstructures of the deposits, the welding parameters, and the wear test results 
were compared to find out the factors affecting most the abrasive wear resistance of the 
12V tool steel deposit.  
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5 Experimental 
5.1 Materials 
The powder consumable of this study was 12V-1 tool steel. The fraction was sieved 
from the powder used for manufacturing the 12V-1 HIP material. The PTA welded 
deposits were tested in as-welded condition. 15V-1 tool steel was a reference material 
for the PTA welding parameter tests and the materials manufactured by the HIP 
method, i.e., 10V, 12V-1, 12V-2, and 15V-2 tool steels were reference materials for the 
microstructure studies and the wear tests. The materials manufactured by the HIP 
process were austenized at 1040-1150 ºC, dwell time was 0,5-1 h and finally the 
materials were double tempered 2 hours at 540-650 ºC (normally 540-570 ºC) for 
decreasing the retained austenite content. The chemical compositions of the 12V-1 tool 
steel powder and the reference materials are presented in Table 3. P and S were <0,03   
wt.-% for the 12V-1 tool steel powder. 
The PTA welded deposits were surfaced onto a carbon steel St 52. The nominal powder 
fraction of the 12V tool steel powder was 53-150 μm. In this study the vanadium 
carbide structure was not analyzed. The mass ratio of vanadium to carbon is 1:0,235 for 
VC (Xu et al., 2007). The melting point of VC is 2648 ºC, density 5,4 g/cm3, and 
hardness 2900-2940 HV0,2 (Bouaifi et al., 1993; Gebert et al., 2001).  
Table 3  Chemical compositions of the 12V-1 and the 15V-1 tool steel powders and 
the reference materials manufactured by the HIP process [wt.-%] 
 C Cr V Mo Si Mn Fe 
10V  2,4- 
2,5 
 4,7-  
5,8 
   9,2- 
10,3 
 1,1- 
1,5 
 0,7- 
1,1 
 0,3- 
0,6 
Bal.
12V-1 2,9 5,25 11,5 1,3 <1,0 <1,0 Bal.
12V-2 2,8 5,2 11,4 1,3 0,9 0,6 Bal.
15V-1 3,4 5,0  14,5- 
15,0 
1,3 - - Bal.
15V-2 3,4 5,0 14,5 1,3 - - Bal.
5.2 Welding equipment 
The welding tests were welded by the mechanized and the robotized welding units. The 
mechanized PTA welding unit equipments are presented in Table 4 and the robotized 
PTA welding unit equipments are presented in Table 5. In Figures 44a-c is presented the 
mechanized PTA welding unit and the robotized welding unit is presented in Figures 
45a-b. The plasma torch was manufactured by Plasma Modules. Normally the plasma 
torch utilizes only plasma and carrier gas. The prototype external shielding gas torch 
was manufactured and installed to the plasma torch. The external shielding gas torch is 
presented in Figure 44c. A sintered bronze-plate was used to ensure laminar flow of 
shielding gas. The powder f
Constant mass flow rate for
Table 4 The equipmen
  
Plasma torch 
Powder feed supply 
Pilot power source and pr
Plasma arc power source
External gas shield 
Conveyor 
Oscillation mode 
Table 5  The equipmen
Robot 
Rotating table 
PTA unit 
Plasma torch 
Plasma gas control uni
External gas shield 
Power source 
Oscillation mode 
Figure 44  The mechaniz
plasma torch,
external gas sh
gas 
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Figure 45  The robotized PTA welding unit: a) an overview and b) the robot, the 
rotating table, and an automatic torch change system for the GTA, the 
MIG/MAG, and the PTA welding torches 
5.3 Welding experiments 
5.3.1 Welding parameters 
The PTA welding tests were first directed to evaluate the effects of the welding 
parameters, mainly the effects of plasma arc current, on the dilution control of the   
12V-1 tool steel deposit. To find out the effects of plasma arc current with selected 
parameters on the dilution, welding tests were made by varying plasma arc current step 
by step, while the other welding parameters were kept constant. The effects of the 
dilution were determined by the rubber wheel abrasion tests. 
The effect of the location of the plasma arc in relation with the molten pool on the 
microstructure and the abrasive wear resistance was analyzed. The effects of 
overlapping on the microstructures between the first and the second or the third 
overlapping weld beads were analyzed. Small variations in welding speed were 
analyzed. Two welding procedures were tested, i.e., the location of the plasma arc in the 
edge and on the molten pool. Ar, Ar + 3 % H2, and Ar + 5 % H2 gas were used as carrier 
gas to find out the effects of hydrogen on the dilution control and the microstructure. 
The effects of the sine and the rectangular wave oscillation modes on the microstructure 
were analyzed. The effects of plasma gas flow rate and working distance were analyzed. 
The welding tests were welded in seven parameter windows, Tables 6-11. In Tables 6 
and 9 are presented constant welding parameters and in Tables 7, 8, and 10 are 
presented welding parameters which were varied in the tests. In Table 11 are presented 
welding parameters for the welding test welded with straight passes, i.e., without 
oscillation movement. 
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Table 6 Constant welding parameters for the welding tests welded by the 
mechanized welding unit  
Shielding gas  Ar 12 l/min 
Carrier gas Ar 5 l/min 
Oscillation wave mode Rectangular 
Oscillation width 25 mm 
Electrode ∅ 2,4 mm,  
1 mm inside the plasma nozzle 
Pilot arc current 5 A 
Work piece /  
torch alignment 
Horizontal /  
perpendicular to the work piece 
Table 7  Variable welding parameters for the welding tests welded by the 
mechanized welding unit 
 Parameters A Parameters B Parameters C 
Plasma gas Ar 4, 6 l/min Ar 2 l/min Ar 2 l/min 
Powder feed rate 3,7 kg/h 2,7 kg/h 5,0 kg/h 
Plasma arc current 120-140 A 110-140 A 175 A 
Plasma nozzle ∅ 3,0 mm ∅ 2,7 mm ∅ 2,7 mm
Preheating RT, 200 °C, 300 °C RT, 450 °C RT 
Overlapping 
Transversal speed 
24 mm 
15 mm/s 
24 mm 
15, 25 mm/s 
- 
15 mm/s 
Movement in the 
end of wave 2,2 mm 2,1 mm 2,1 mm 
Working distance 8-12 mm 9 mm 9 mm 
Number of beads 2 3 1 
Location of the 
plasma arc 
Size of the work 
piece 
On the edge of the 
molten pool 
200x100x25 mm 
On the edge of the 
molten pool 
100x100x25 mm 
On top of the 
molten pool 
200x100x25 mm 
Table 8 Welding tests with welding parameters A 
Test [No.] 
Working  
distance 
[mm] 
Plasma gas 
flow rate 
[l/min] 
Plasma arc 
current 
[A] 
Preheating 
temperature 
[°C] 
1 8 4 130 200 
2 8 6 140 300 
3 10 4 140 RT 
4 10 6 120 200 
5 12 4 120 300 
6 12 6 130 RT 
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Table 9  Constant welding parameters for the welding tests welded by the robotized 
welding unit 
Plasma gas Ar 2 l/min 
Oscillation wave mode Sine 
Electrode ∅ 2,4 mm, 1 mm inside the plasma nozzle 
Plasma nozzle ∅ 2,7 mm 
Pilot arc current 5 A 
Oscillation width 6,5 mm 
Frequency 1,2 osc./s 
Working distance 9 mm 
Overlapping 5 mm 
Size of the work piece 
Number of beads  
Work piece / torch alignment 
100x100x25 mm 
5 
Horizontal / perpendicular to the work piece 
Table 10 Variable welding parameters for the welding tests welded by the robotized 
welding unit 
  Parameters D Parameters E Parameters F 
Plasma arc current 73-95, 52-65 A 45-70 A 40-65 A 
Powder feed rate 0,3-1,5 kg/h 0,7 kg/h 0,7 kg/h 
Preheating RT, 300 °C RT RT 
Welding speed 1,35-1,49 mm/s 1,35 mm/s 1,35 mm/s 
Carrier gas Ar  
5 l/min 
Ar + 3 % H2  
5 l/min 
Ar + 5 % H2  
5 l/min 
Shielding gas  Ar 12 l/min - - 
Location of the 
plasma arc 
On the edge / on top 
of the molten pool 
On the edge of the 
molten pool 
On top of the 
molten pool 
Table 11  Welding parameters G for the welding tests welded with straight passes 
without oscillation 
Plasma gas Ar 2 l/min 
Plasma arc current 62 A 
Pilot arc current 5 A 
Powder feed rate 0,4 kg/h 
Preheating RT 
Welding speed 
Overlapping 
2,3 mm/s 
2,6 mm 
Carrier gas Ar 5 l/min 
Shielding gas  Ar 12 l/min 
Electrode ∅ 2,4 mm, 1 mm inside the plasma nozzle 
Plasma nozzle ∅ 2,7 mm 
Working distance 9 mm 
Size of the work piece 
Work piece / torch alignment 
100x100x25 mm 
Horizontal / perpendicular to the work piece 
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5.4 Experimental methods 
5.4.1 Powder consumable 
The fractions of the new powder and the oversprayed powder were analyzed. The 
oversprayed powder was collected after the welding tests welded with welding 
parameters D, plasma arc current 80 A. The powders were analyzed by Beckman 
Coulter LS Particle Analyzer. The optical method was Fraunhofer.rfd LS 320 Small 
Volume Module. Run length was 60 s. The fluid was 2-propanol. The measured powder 
was cut to the fraction 40-200 μm. The surface and a cross-section of a powder particle 
were investigated by SEM. 
5.4.2 Temperature of work piece 
The temperature of the work piece was measured during the welding test. Welding 
parameters D were used for the welding test with powder feed rate 0,3 kg/h. The size of 
the work piece was 200x100x25 mm. In both ends of the work piece was one 
thermocouple for the temperature measurement. The temperature of the work piece was 
RT in the beginning of the test. 
5.4.3 Microstructure 
The sections for the metallographic samples were cut mainly from the end of the weld 
beads in comparison with welding direction. The dimensions of the weld beads were 
detected from the cross-sections. The samples were prepared by grinding with SiC 
water abrasive paper (80, 180, 360, 800, 1200, and 2500 grit). The samples were 
polished with 6 and 1 μm diamond pastes. Etchant for the microstructural investigation 
contained 120 ml ethanol, 100 ml HCl, 8 g FeCl3, and 7 g CuCl2. 
The microstructures were studied by optical microscope and scanning electron 
microscope with backscattering detector. The volume fractions of VCs, the sizes of 
VCs, and the MFPs of the tool steel materials were determined from scanning electron 
microscopy pictures by Imagetool image analysis program. Microstructural changes in a 
weld bead cross-section welded with welding parameters B were measured from 
pictures taken by optical microscope. The shape ratios of VCs were measured 
automatically by ImageJ image analysis program. The shape ratio was estimated from 0 
to 1 by measuring randomly each carbide width and height from the SEM picture and 
comparing the results. The sizes of VCs and the MFPs were measured randomly (100 
measurements) from pictures taken from the core of the deposits. The carbide surface 
fraction corresponds to the carbide volume fraction according to the principle based on 
the Delesse’s principle (Delesse, 1847). The principle is based on the idea that a two-
dimensional random area of an object is an estimate of its volume fraction. Standard 
deviations of the volume fractions of VCs were estimated from the SEM pictures       
(94x70 m), the pictures of which were divided into 9 equally sized pictures. 
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The amount of magnetic martensite phase was measured by Ferritescope MP3C. The 
apparatus was calibrated with -ferrite standard samples. Retained austenite to 
martensite ratio was measured by the X-ray diffraction method. The results measured 
from the PTA welded deposits and the materials manufactured by the HIP process by 
Ferritescope were converted to the martensite contents with correlation factors 1,7 and 
1,1, respectively. The correlation factor 1,7 was the same as was measured by Talonen 
et al. (2004) for austenitic steels. The X-ray diffraction apparatus was Stresstech X3000. 
Test parameters were CrK  radiation, -oscillation ±30º, ferrite 3 times 20 s. and 
austenite 3 times 60 s. 
5.4.4 Rubber wheel abrasion test 
The abrasive wear resistances of the materials were tested by the dry sand rubber wheel 
abrasion test. The RWAT apparatus conforms to standard ASTM G 65-94. Procedure A 
was used to test the materials. The sizes of the samples were 30x60x27 mm. The 
deposits were on the side, the area of which was 30x60 mm. All samples were ground 
before testing to 1200 grit. Before the tests and after the tests weights of the samples 
were measured. After that the weight loss was converted to the volume loss. Density, 
7,4 g/cm3, was used in every deposit, even though the dilution from the base material 
has a small effect on density. The deposits welded by the PTA method were tested in 
the RWAT once because small variations in the microstructure have remarkable effects 
on the abrasive wear resistance.  
The diameter and the width of the rubber wheel (NR/SBR, 60±5 ShA) were 236 mm 
and 12,7 mm, respectively. Total sliding distance per sample was 4437 m. Normal force 
was 126 N. Rotating speed was 200 rpm. Rotating speed 105 rpm was used to test the 
effect of sliding speed on the wear rate. Abrasive flow rate was approximately 250 
g/min for rotating speed 200 rpm and 746 g/min for rotating speed 105 rpm.  
Nilsiä quartz sand NFQ 0,1-0,6 was used as an abrasive sand. The sand is not in 
accordance with the standard. The chemical composition of the sand was SiO2 99,4 %, 
Al2O3 0,27 %, K2O 0,06 %, and Fe2O3 0,03 %. Specific gravity was 2,65 g/cm3, density 
1,4 t/m3, hardness 7 Mohs, pH 5,5, and D50 0,29 mm. The abrasive particle size 
distribution is presented in Table 12. 
Table 12 Distribution of sieve net passing abrasive particles 
Sieve [mm] Passing [%] 
1 100 
0,71 99,8 
0,5 90,6 
0,355 67,5 
0,25 38,1 
0,18 15,8 
0,125 5,1 
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Surface roughness of one deposit was measured during the RWAT. The sample was 
welded with welding parameters B, 130 A, PH. The sample was polished before the 
test. Surface roughness was measured by Stylus Profilometer. 
After the RWAT tests, the worn surfaces of three deposits welded by the PTA method 
were investigated by SEM. The samples were welded with welding parameters A, C, 
and D. The wear track of the 12V-1 tool steel reference material manufactured by the 
HIP process was also studied. The effects of low and high stress levels on the wear 
tracks were analyzed.  
6 Results 
6.1 12V tool steel powder  
6.1.1 Microstructure 
The powder particles were spherically shaped, Figure 46a. Only very minor internal 
porosity was observed. The mean size of the original carbides detected from a powder 
particle cross-section was 0,18 m, Figure 46b. The size of the largest original carbide 
detected was 0,56 m. The distribution of the original carbides in a powder particle was 
relatively homogeneous.  
Figure 46 12V-1 tool steel powder particles: a) spherically shaped powder particles 
and surface of a powder particle and b) microstructure of a powder particle  
6.1.2 Powder fraction 
The powder fractions of the new and the oversprayed powders were analyzed. The 
oversprayed powder was collected after the welding test with welding parameters D. 
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The consumable efficiency was 55-65 % for welding parameters D. The consumable 
efficiency was >95 % in the welding tests welded with welding parameters C.   
The results for the new powder were: mean 96,39 μm s.d. 27,94 μm, median 90,75 μm, 
d10 64,17 μm, d25 73,78 μm, d50 90,75 μm, d75 116,2 μm, d90 138,3 μm, D(3,2) 88,94 
μm, mode 80,07 μm, skewness 0,608 right skewed, and kurtosis 0,468 platykurtic. 
The results for the oversprayed powder were: mean 103,9 μm s.d. 27,43 μm, median 
101,7 μm, d10 69,16 μm, d25 81,95 μm, d50 101,7 μm, d75 123,9 μm, d90 142,8 μm, 
D(3,2) 96,68 μm, mode 116,3 μm, skewness 0,323 right skewed, and kurtosis 0,642 
platykurtic. 
In Figures 47 and 48 are presented the differential and the cumulative volumes of the 
new and the oversprayed powders. The powder fraction was bigger in the oversprayed 
powder because the plasma arc had bigger ability to melt the powder particles, the 
fraction of which was 50-100 μm. 
Figure 47  Differential volumes of the new and the oversprayed 12V-1 tool steel 
powders 
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Figure 48  Cumulative volumes of the new and the oversprayed 12V-1 tool steel 
powders 
6.2 Temperature of work piece during the welding process 
The temperature of the work piece increased during the welding process from RT to 250 
°C. Welding parameters D was used for the welding test. Plasma arc current was 
reduced during the welding process. In Figure 49 are presented temperatures of the 
work piece measured from two points locating in the both ends of the work piece. 
Plasma arc currents and dimensions of the deposit cross-section are presented in Table 
13. The biggest difference in the temperature of the work piece was measured after the 
first weld bead was welded. Temperature rose from RT to 110 °C. After the twelfth 
weld bead was welded, temperature rose was from 245 to 250 °C, i.e. 5 °C. 
Plasma arc current was first 74 A and finally it was 58 A. The biggest alteration was 
between the first and the second weld beads, from 74 to 64 A. The trend of lowering 
plasma arc current during the surfacing process, when the dilution had to stay constant, 
was similar as in the welding tests made by Nefedov et al. (1995). The mean dilution of 
the weld beads was 11,1 %. Because of the distortion it was difficult to measure the 
exact dilution. The fusion line was not straight. Therefore, the dilutions of the weld 
beads were slightly overestimated. 
The maximum and the minimum thicknesses of the weld beads were 1,6 and 1,0 mm, 
respectively. The maximum penetration was 0,5 mm. In the overlapping areas lack of 
penetration was obtained. The highest bead was the first bead. Thickness of the deposit 
mainly decreased when the welding process proceeded.  
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Figure 49  Temperatures of the work piece during the welding test welded with 
welding parameters D 
Table 13  Temperatures of the work piece, plasma arc currents, and dimensions of 
the deposit cross-section welded with welding parameters D 
6.3 Dilution 
6.3.1 Welding parameters A 
In the welding tests welded with welding parameters A, plasma arc current, plasma gas 
flow rate, working distance, and preheating temperature were varied. In Figure 50 is 
presented a cross-section of a deposit welded with welding parameters A, test 4. In 
Table 14 are presented dilutions and thicknesses of the weld beads. 
The dilutions of the deposits 1 and 6 increased slightly during the welding tests when 
comparing the dilutions of the weld beads 1 and 2. The dilutions of the other deposits 
decreased during the weldin
second bead, because powd
smaller than the widths of th
Figure 50 Cross-section 
Table 14 Dilutions and
parameters A
Welding
Test  
[No.] 
D
Be
1 18
2 26
3 17
4 16
5 11
6 5
6.3.2 Welding parameters
The work pieces were preh
of the work pieces decrease
the displacement of the plas
The dilution increased on
same dilution was obtained
Figures 51 and 52 are prese
Table 15 are presented di
increased non-linearly. In th
the dilutions of the first bea
The thickness of the deposi
the third weld beads were
beads. It is also obvious tha
as can be seen from Figure 
plasma arc, especially, whe
the base material. 
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g tests. In every deposit the bead thickness w
er feed rate was constant and the overlappin
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diluted deposit may vary between 780 and 880 HV10. Thus, hardness of the 12V-1 tool 
steel deposit is not an accurate estimate about the properties of the deposit. 
Figure 59 Effect of dilution on hardness of the 12V-1 tool steel materials 
manufactured by the PTA and the HIP processes 
6.4 Hardness distribution 
In Figures 60, 61, and 62 are presented hardness profiles of the deposits welded with 
welding parameters A-C and D-G. Hardness of the deposits was basically in the same 
level from the fusion lines to the top surfaces of the deposits. Hardness varies depending 
on whether the indenter hits on the carbide cluster or not. Also the microstructure has an 
effect on the results. The biggest variation was in the PTA welded 15V-1 two-layer 
deposit, the microstructure of which contains larger areas of VC clusters and also large 
areas of retained austenite. 
The hardness distribution varies depending on from which bead it was measured. From 
Figure 62 it can be seen that hardness of the beads varies in a way which cannot be 
estimated. The weld beads 1, 2, 5, and 12 were measured and every bead had different 
kind of hardness distribution. The last twelfth bead had the biggest hardness 810 HV1 
on average and the first bead had the lowest hardness 760 HV1 on average. Although 
the deposit was welded with the robotized welding unit and only plasma arc current was 
varied the microstructure shows small variations. The temperature of the work piece 
increased from RT to 250 °C, when the welding process proceeded from the first bead 
to the twelfth bead. Thus, small variations in the carbide content, the carbide 
morphology, the volume fraction of VCs, the size of VCs, the MFP, and in the ratio of 
austenite and martensite occur.  
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Figure 60 Hardness profiles of the 12V-1 tool steel deposits welded with welding 
parameters A-C 
Figure 61 Hardness profiles of the tool steel deposits welded with welding 
parameters D-G  
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Figure 62 Hardness profiles of the weld beads 1, 2, 5, and 12 of the 1,0 mm thick  
12V-1 tool steel deposit welded with welding parameters D  
6.5 Optical metallography  
6.5.1 Microstructure 
In Figures 63a-l are presented the microstructures of the deposits welded with welding 
parameters A-G. In Figures 64a-d are presented the microstructures of the tool steel 
materials manufactured by the HIP process. Some pores can be seen in the 
microstructures of the materials manufactured by the HIP process.  
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 Figure 63  Microstructures of the tool steel deposits welded with welding parameters 
A-G: a) A, test 4, bead 2, b) A, test 6, bead 2, c) B, 120 A, bead 1, d) C, e)  
D, RT, 2,9 mm, f) D, PH, 5,0 mm, g) D, PH, 2,2 mm, h) E, RT, 2,5 mm, i) 
F, RT, 2,4 mm, j) D, RT, 1,0 mm, k) G, RT, 1,2 mm, and l) D, 15V-1, RT, 
2,9 mm  
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Figure 64  Microstructures of the tool steel materials manufactured by the HIP 
process: a) 12V-1, b) 12V-2, c) 15V-2, and d) 10V 
6.5.2 Microstructural changes in weld bead cross-section 
In a cross-section of a 12V-1 tool steel deposit welded with welding parameters B, the 
measurements were conducted from the fusion line to the top surface of the deposit. The 
dilution was 16 %. The thickness of the weld bead was 3,3 mm. The volume fraction, 
the mean size, and the MFP of VCs from the fusion line to the top surface are presented 
in Figures 65-67.  
The volume fraction of VCs was different nearby the fusion line, in the core, and at the 
top surface. Nearby the fusion line the volume fraction of VCs was approximately          
3 vol.-% lower when compared to the core of the bead. The volume fraction and the 
mean size of VCs increase, when the distance from the fusion line increases. The 
volume fraction of VCs and the MFP were constant in the core of the deposit. The effect 
of the dilution was the highest at 0,5 mm distance from the fusion line. The minimum 
and the maximum penetrations were 0,2 and 1,3 mm, respectively. Therefore, low 
volume fraction and small-sized carbides can be found from the area, which has been 
originally the base material. 
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Figure 65 Volume fraction of VCs as a function of distance from the fusion line 
Figure 66 Mean size of VCs as a function of distance from the fusion line 
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Figure 67 MFP as a function of distance from the fusion line 
6.6 Scanning electron microscopy 
6.6.1 Welding parameters A-C 
In Figures 68a-g are presented the microstructures of the 12V-1 tool steel deposits 
welded with welding parameters A-C. In Table 17 are presented the volume fractions, 
the mean sizes, and the MFPs of VCs. In Figures 69 and 70 are presented the 
cumulative volumes of the sizes and the MFPs of VCs measured from Figures 68a-g. 
The sizes of VCs were below 5-10 m for similar kinds of tool steel alloys according to 
Teupke (2002). 
In Figures 68a, b and 68c, d are presented the microstructures of the deposits welded 
with welding parameters A. The microstructures are relatively homogeneous and most 
of the VCs are round-shaped. The microstructures contain 20-40 % of carbides, the 
sizes of which are less than 1 m, Figure 69.  
In Figure 68e is presented the microstructure of the deposit welded with welding 
parameters B, 120 A. Transversal welding speed was 15 mm/s. When the microstructure 
presented in Figure 68e is compared to the microstructures presented in Figures 68a-d, 
the VCs are more needle-shaped. The microstructure of the deposit welded with 
welding parameters B, 120 A contains 70 % of carbides, the sizes of which are less than 
1 m, Figure 69. 
In Figure 68f is presented the microstructure of the deposit welded with welding 
parameters B, transversal welding speed 25 mm/s. The microstructure contains only 3 
% of carbides, the sizes of 
the microstructure contains
In Figure 68g is presented
parameters C. The microst
needle-shaped carbides. The
VCs is relatively high, 17,5 
Table 17  Volume fracti
with welding p
Material 
A, test 4, bead 2 
A, test 6, bead 2 
B, 120 A, bead 1 
B, RT, 1,6 mm 
C 
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which are above 1,5 m. In the deposit B, 1
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 the microstructure of the deposit welded
ructure contains larger round-shaped carbid
 microstructure is not homogeneous. The vo
vol.-%. The plasma arc was on the molten po
ons, mean sizes, and MFPs of VCs of the 
arameters A-C 
Volume fraction 
[vol.-%] 
Mean size / s.d.
[ m] 
15,5 1,2 / 0,5 
15,7 1,4 / 0,5 
13,4 1,0 / 0,5 
12,2 0,8 / 0,3 
17,5 1,8 / 1,0 
20 A, 15 mm/s 
e 1,5 m. 
 with welding 
es and smaller 
lume fraction of 
ol. 
deposits welded 
MFP 
/ s.d.  
[ m] 
1,4 / 0,8 
1,5 / 1,0 
1,4 / 0,8 
1,4 / 0,9 
2,2 / 1,3 
Figure 68  Microstructure
A-C: a, b) A, t
B, RT, 1,6 mm
Figure 69 Cumulative vo
parameters A-
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Figure 70 Cumulative volumes of MFPs of the deposits welded with welding 
parameters A-C 
6.6.2 Welding parameters D-F 
In Figures 71a-i are presented the microstructures of the 12V-1 tool steel deposits 
welded with welding parameters D-F and the 15V-1 tool steel deposit welded with 
welding parameters D. In Table 18 are presented the volume fractions, the mean sizes, 
and the MFPs of VCs. In Figures 72 and 73 are presented the cumulative volumes of the 
sizes and the MFPs of VCs measured from Figures 71a, d, e, g-i. 
The microstructures are close to equal in the deposits, the microstructures of which are 
presented in Figures 71 a, d, e, g. The deposits were welded with welding parameters  
D-F. The volume fractions, the mean sizes, and the MFPs of VCs are quite the same in 
these deposits. The microstructures are not homogeneous. Both large, 1,5-2,5 m, as 
well as small, 0,2-0,5 m, sized carbides present. 3-5 % amount of hydrogen in the 
carrier gas had a decreasing effect on the mean size of VCs and the MFP and an 
increasing effect on the volume fraction of VCs. 
In the deposits welded with welding parameters D with increasing welding speed the 
volume fraction of VCs decreased. The mean size of VCs and the MFP increased with 
increasing welding speed. The VCs were more round-shaped, when the plasma arc 
distance from the molten pool increased. 
The location of the plasma arc was slightly on top of the molten pool and plasma arc 
current was 65 A for the 5,0 mm thick deposit welded with welding parameters D. The 
location of the plasma arc was in the edge of the molten pool and plasma arc current 
was 75 A for the 2,9 mm thick deposit. The biggest difference was the mean size of 
VCs, which was increased f
moved slightly on the molte
The deposits, which were w
arc current. The melting e
were lower. The microstruc
preheating. 
15V-1 tool steel was a refer
welding parameters D. In 
deposit. In Table 18 is pre
VCs of the 15V-1 tool st
contains 2,5-3,8 m sized la
carbides. In the deposit D, 
deposit D, 15V-1, RT, 2,9 m
Table 18  Volume fracti
welded with w
Material 
D, RT, 2,9 mm, 1,35
D, RT, 2,8 mm, 1,42
D, RT, 2,7 mm, 1,49
D, PH, 2,2 mm
E, RT, 2,5 mm
F, RT, 2,4 mm
D, RT, 5,0 mm
D, 15V-1, RT, 2,9
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n pool by increasing powder feed rate. 
elded with welding parameters D, PH, had
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tures are basically similar as in the deposits
ence material. The 15V-1 tool steel deposit w
Figure 71i is presented the microstructure
sented the volume fraction, the mean size, a
eel deposit (second weld bead layer). The
rge carbides and clusters, as well as small, 0
RT, 5,0 mm the mean size of VCs was big
m, Table 18 and Figure 72. 
ons, mean sizes, and MFPs of VCs of the to
elding parameters D-F  
Volume 
fraction 
[vol.-%]
Mean size 
/ s.d. 
[ m] 
 mm/s 14,6 0,5 / 0,3  
 mm/s 13,0 0,8 / 0,6 
 mm/s 12,5 0,9 / 0,5 
 14,3 0,5 / 0,4 
 15,0 0,5 / 0,4 
 16,0 0,5 / 0,3 
 16,9 1,3 / 0,7 
 mm 20,3 1,0 / 0,9 
 plasma arc was 
 reduced plasma 
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 welded without 
as welded with 
 of the 15V-1 
nd the MFP of 
 microstructure 
,2-0,5 m sized 
ger than in the 
ol steel deposits 
MFP 
/ s.d.  
[ m] 
0,8 / 0,5 
1,1 / 0,7 
1,5 / 1,0 
0,7 / 0,4 
0,6 / 0,3 
0,7 / 0,5 
1,7 / 1,3 
1,1 / 0,8 
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Figure 71  Microstructure
D-F: a) D, RT
RT, 2,7 mm, 1
2,4 mm, h) D, 
Figure 72 Cumulative vo
parameters D-
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Figure 73 Cumulative volumes of MFPs of the deposits welded with welding 
parameters D-F 
6.6.3 Welding parameters G 
One deposit was welded with straight weld beads without oscillation. In Figures 74a, b 
is presented the microstructure of the deposit. In Table 19 is presented the volume 
fraction, the mean size, and the MFP of VCs. The volume fraction, the mean size, and 
the MFP of VCs are similar as in the microstructures of the deposits welded with 
welding parameters D-F. The microstructure is not homogeneous. The microstructure 
contains both large, 2,5 m sized round-shaped, as well as small, 0,2-0,5 m, sized 
needle-shaped carbides, Figures 74a, b and 75. 
Table 19 Volume fraction, mean size, and MFP of VCs of the deposit welded with 
welding parameters G 
Material 
Volume 
fraction 
[vol.-%] 
Mean size 
/ s.d. 
[ m] 
MFP 
/ s.d.  
[ m] 
G, RT, 1,2 mm 14,5 0,7 / 0,6 0,8 / 0,6 
Figure 74  a, b) Microstru
Figure 75 Cumulative vo
welding param
6.6.4 Materials manufactu
In Figures 76a-d are presen
presented the volume fractio
78 are presented the cumul
from Figures 76a-d.  
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Table 20 Volume fractio
manufactured 
Material 
HIP, 12V-1 
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Figure 76  Microstructure
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ns, mean sizes, and MFPs of VCs of the too
by the HIP method 
Volume 
fraction 
[vol.-%] 
Mean size 
/ s.d. 
[ m] 
18,0 0,8 / 0,2 
18,3 0,9 / 0,3 
20,6 0,9 / 0,3 
14,7 1,1 / 0,4 
s of the HIP materials: a) 12V-1, b) 12V-2, 
l steel materials 
MFP 
/ s.d.  
[ m] 
1,0 / 0,5 
1,0 / 0,6 
0,8 / 0,4 
1,3 / 0,8 
c) 15V-2, and d) 
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Figure 77 Cumulative volumes of VC sizes of the tool steel materials manufactured 
by the HIP method 
Figure 78 Cumulative volumes of MFPs of the tool steel materials manufactured by 
the HIP method 
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6.6.5 Microstructure of overlapping beads 
In Figures 79a-c are presented the microstructures of the weld beads welded with 
welding parameters B by overlapping. Plasma arc current was 120 A. The dilution of 
the whole deposit was 11,3 %. In Table 21 are presented the volume fractions, the mean 
sizes, and the MFPs of VCs. In Figures 80 and 81 are presented the cumulative volumes 
of the sizes and the MFPs of VCs measured from Figures 79a-c.  
The microstructures of the first and the third beads are close to each other. The 
microstructure of the first bead has more round-shaped carbides as the microstructures 
of the second and the third beads have. The microstructure of the second bead contains 
smaller and more needle-shaped VCs as the microstructures of the first and the third 
beads have. The displacement of the plasma torch was made manually. Small variations 
in the overlapping displacement may occur, but the effects on the microstructure are not 
possible to analyze from small amount of samples. 
Table 21 Volume fractions, mean sizes, and MFPs of VCs of the weld beads welded 
with welding parameters B, 120 A 
Material 
Volume 
fraction 
[vol.-%] 
Mean size 
/ s.d. 
[ m] 
MFP 
/ s.d.  
[ m] 
B, 120 A, bead 1 13,4 1,1 / 0,5 1,4 / 0,8 
B, 120 A, bead 2 14,4 0,8 / 0,5 1,1 / 0,7 
B, 120 A, bead 3 14,4 1,2 / 0,7 1,8 / 1,2 
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Figure 79  Microstructures of the 12V-1 tool steel weld beads welded with welding 
parameters B, 120 A: a) first bead, b) second overlapping weld bead, and 
c) third overlapping weld bead  
Figure 80 Cumulative volumes of VC sizes of the weld beads welded with welding 
parameters B, 120 A by overlapping 
116 
Figure 81 Cumulative volumes of MFPs of the weld beads welded with welding 
parameters B, 120 A by overlapping 
In Figures 82a-h are presented the microstructures of the weld beads welded with 
welding parameters D by overlapping. Powder feed rate was 0,3 kg/h. In Table 22 are 
presented the volume fractions, the mean sizes, and the MFPs of VCs. In Figures 83 and 
84 are presented the cumulative volumes of the sizes and the MFPs of VCs measured 
from Figures 82a, c, e, g. The deposit is the same as was presented in Table 13.  
The biggest difference in the carbide morphology is between the microstructures of the 
first and the second beads. In the first bead the carbides are mainly round-shaped. The 
microstructures of the weld beads 2, 5, and 12 contain also needle-shaped VCs. The 
volume fraction of VCs increased when the surfacing process continued. The MFPs of 
the weld beads 1 and 2 are different. The second bead contains a lot of small carbides. 
The weld beads 1, 5 and 2, 12 have similar kinds of cumulative volume carbide size 
distributions, Figure 83. 
Table 22 Volume fractions, mean sizes, and MFPs of VCs of the deposit welded 
with welding parameters D and powder feed rate 0,3 kg/h 
Material 
Volume 
fraction 
[vol.-%]
Mean size 
/ s.d. 
[ m] 
MFP 
/ s.d.  
[ m] 
D, RT, 1,0 mm, bead 1 12,6 0,6 / 0,2  1,2 / 0,9 
D, RT, 1,0 mm, bead 2 13,6 0,5 / 0,3 0,6 / 0,4 
D, RT, 1,0 mm, bead 5 14,8 0,7 / 0,3 0,9 / 0,6 
D, RT, 1,0 mm, bead 12 14,1 0,5 / 0,3 1,0 / 0,6 
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Figure 82  Microstructure
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Figure 84 Cumulative volumes of MFPs of the weld beads 1, 2, 5, and 12 welded 
with welding parameters D and powder feed rate 0,3 kg/h 
6.6.6 Microstructural changes in weld bead in welding direction 
In Figures 85a-c are presented the microstructures taken from the second weld bead 
welded with welding parameters B, 120 A by overlapping. The sample was cut along 
the centerline and in the welding direction. In Table 23 are presented the volume 
fractions, the mean sizes, and the MFPs of VCs measured from three locations. In 
Figure 85a is presented the microstructure of the weld bead approximately 15 mm from 
the plasma arc ignition point. In Figure 85b is presented the microstructure after 30 mm 
welding from the plasma arc ignition point. In Figure 85c is presented the 
microstructure after 50 mm welding from the plasma arc ignition point and about 25 
mm from the end of the weld bead. In Figures 86 and 87 are presented the cumulative 
volumes of the sizes and the MFPs of VCs measured from Figures 85a-c.  
The volume fraction of VCs increased from 7,5 to 13,0-14,0 vol.-% during welding a 
weld bead. The mean size of the carbides increased from 0,6 to 1,2-1,3 m. The MFP 
remained constant. Therefore, the biggest differences in the microstructure can be 
obtained after ignition of the plasma arc.  
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Table 23 Volume fractions, mean sizes, and MFPs of VCs of the second weld bead 
welded with welding parameters B, 120 A 
Location 
Volume 
fraction 
[vol.-%] 
Mean size 
[ m] 
/ s.d. 
MFP 
[ m] 
/ s.d. 
Bead beginning 7,5 0,6 / 0,3 1,5 / 1,2 
After 30 mm 13,0 1,3 / 0,6 1,6 / 1,2 
After 50 mm 14,2 1,2 / 0,6 1,6 / 1,2 
Figure 85  Microstructures of the second weld bead welded with welding parameters 
B, 120 A: a) at the beginning of the bead, b) after 30 mm welding, and c) 
after 50 mm welding and 25 mm from the end of the bead 
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Figure 86 Cumulative volumes of VC sizes of the second weld bead welded with 
welding parameters B, 120 A from the bead beginning to the bead end  
Figure 87 Cumulative volumes of MFPs of the second weld bead welded with 
welding parameters B, 120 A from the bead beginning to the bead end  
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6.7 Abrasive wear resistance 
6.7.1 Surface roughness 
Surface roughness of the deposit welded with welding parameters B, 130 A, PH was 
measured during the RWAT. Surface roughness of the deposit (Ra) was initially 
0,06±0,06 μm. The volume fraction, the mean size, and the MFP of VCs were           
13,8 vol.-%, 1,1±0,4 m, and 1,5±0,6 m, respectively. The dilution was 16 %. 
Surface roughness of the 12V-1 tool steel deposit increased from the initial state to 
0,90±0,08 m during first one hundred rounds of the rubber wheel. Surface roughness 
1,60±0,30 m was obtained after 6000 revolutions, Table 24.  
Table 24 Surface roughness of the deposit B, 130 A, PH during the RWAT 
Wheel revolutions 
[rev] 
Ra / s.d. 
[ m] 
0 0,06 / 0,06 
2 0,13 / 0,01 
10 0,30 / 0,06 
20 0,43 / 0,09 
30 0,51 / 0,08 
40 0,67 / 0,06 
50 0,63 / 0,15 
60 0,78 / 0,05 
70 0,87 / 0,11 
80 0,83 / 0,07 
90 0,86 / 0,06 
100 0,90 / 0,08 
150 0,97 / 0,07 
200 1,10 / 0,04 
250 0,96 / 0,02 
300 1,05 / 0,11 
350 1,06 / 0,07 
400 1,06 / 0,12 
450 1,10 / 0,09 
500 1,11 / 0,04 
600 1,22 / 0,17 
700 1,22 / 0,16 
800 1,14 / 0,13 
900 1,19 / 0,13 
1000 1,23 / 0,18 
1500 1,05 / 0,15 
3000 1,64 / 0,23 
4500 1,53 / 0,36 
6000 1,60 / 0,30 
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6.7.2 Applied load 
In Figure 88 is presented the effect of applied normal force on the abrasive wear 
resistance of the deposit welded with welding parameters A. The deposit was welded 
with welding parameters A, test 2, bead 1. The rubber wheel abrasion tests were made 
with the same sample, i.e., the sample was ground after each test and was tested again.  
The normal force was increased step by step from 126 to 174 N. The volume loss of the 
tested deposit increased linearly with the increasing normal force from 126 to 150 N. 
This is in accordance with the Archard’s law presented in equation 33 (Archard, 1953). 
With higher normal forces from 150 to 174 N the volume loss decreased. Thus, low 
stress abrasive wear test can be arranged below normal force 150 N and high stress 
abrasive wear test above it. Normal force 126 N was used to characterize the abrasive 
wear resistance of the studied materials. 
Figure 88 Effect of normal force in the RWAT on volume loss of the deposit welded 
with welding parameters A, test 2, bead 1 
6.7.3 Dilution 
The abrasive wear resistances of the weld beads welded with welding parameters A, B, 
and C are compared in Figure 89 and Tables 25-27. In Figure 89 and Table 26 are 
presented also the effect of rubber wheel rotating speeds 105 and 200 rpm on the 
abrasive wear resistances of the weld beads welded with welding parameters B.  
In the RWAT the volume losses of the weld beads welded with welding parameters A 
were higher in the first beads of the deposits 4 and 6. The abrasive wear resistances of 
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the first beads of the deposits 1, 2, 3, and 5 were higher when compared to the abrasive 
wear resistances of the second beads. 
The effect of the dilution on the abrasive wear resistance is not clear. In Table 25 the 
dilutions of the deposits 2, 3, 4, and 5, decreased when the welding process proceeded. 
The volume losses were in the deposits 1, 2, 3, and 5 slightly higher in the second weld 
beads. In the deposit 4 both the volume loss and the dilution were higher in the first 
bead. Also in the deposits 1 and 6 the interaction between the dilution and the abrasive 
wear resistance remain unclear.  
In the deposits welded with welding parameters B the volume loss was higher with 
lower sliding speed. The difference was approximately two times. The more diluted 
deposits had lowering abrasive wear resistance in the RWAT, when the rotating speed 
was 105 rpm. The abrasive wear resistance of the more diluted deposits remained 
almost at the same level, when the rotating speed was 200 rpm. 
The abrasive wear resistances of the deposits welded with welding parameters B were 
mainly lower in the third beads, Table 26. In the deposits welded with plasma arc 
currents 130 and 140 A the dilutions were lower in the third beads, even though the 
volume losses were mainly higher. The dilution had no clear relationship with the 
abrasive wear resistance. 
The location of the plasma arc was on the molten pool, when the weld bead was welded 
with welding parameters C. The dilution was low, Table 27. Welding defects like small 
pores or lack of fusion were obtained. The abrasive wear resistance was approximately 
two times lower when compared to the deposits welded with welding parameters A, test 
4 and A, test 6. 
Table 25 Dilutions and volume losses of the deposits welded with welding 
parameters A 
Welding
Test  
[No.] 
Dilution 
Bead 1 / 2  
[%] 
Volume loss 
Bead 1 / 2  
[mm3] 
1 18,7 / 19,0 37,4 / 44,1 
2 26,3 / 12,7 39,1 / 47,4 
3 17,8 / 15,6 30,1 / 35,8 
4 16,3 / 11,8 29,2 / 20,4 
5 11,9 / 7,2 27,6 / 31,8 
6 5,9 / 6,0 26,1 / 23,9 
  
125 
Table 26 Dilutions and volume losses of the deposits welded with welding 
parameters B 
Plasma arc 
current  
[A] 
Dilution 
Bead 1 / 3  
[%] 
Volume loss 
Bead 1 / 3  
105 rpm 
[mm3] 
Volume loss 
Bead 1 / 3  
200 rpm 
[mm3] 
110 A 5,1 / 5,1 54,7 / 61,1 34,1 / 36,5 
120 A 7,9 / 12,9 65,5 / 51,9 33,8 / 31,6 
130 A 22,0 / 10,6 66,9 / 61,8 38,4 / 42,0 
140 A 26,5 / 24,5 79,1 / 92,8 36,1 / 43,9 
Table 27 Dilution and volume loss of the deposit welded with welding parameters C  
Plasma arc 
current  
[A] 
Dilution 
 [%] 
Volume loss 
[mm3] 
175 A 0,5 50,0 
Figure 89 Volume losses of the deposits welded with welding parameters A-C 
plotted as a function of dilutions of the weld beads 
The volume losses of the deposits welded with welding parameters D-G was plotted as 
a function of dilution, Figure 90. The best abrasive wear resistance was obtained with 
the 5,0 mm thick weld bead welded with welding parameters D. The location of the 
plasma arc was then slightly on the molten pool. The abrasive wear resistance was at the 
same level as in the 12V-1 tool steel material manufactured by the HIP process.  
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The deposits welded with welding parameters D, PH, 2,2 mm had relatively low 
abrasion wear resistance. The location of the plasma arc was in the edge of the molten 
pool. The abrasive wear resistance of the deposits welded with welding parameters D 
decreased rapidly when the dilution increased. 
The abrasive wear resistances of the deposits welded with Ar-H2 gas mixtures, i.e., 
welding parameters E-F, were equal. The abrasive wear resistance was lower than in the 
deposits welded with welding parameters D with optimized dilution. Because of the 
problems in the dilution control, when welding with welding parameters D, the abrasive 
wear resistance may be better maintained with welding parameters E and F. 
Figure 90 Volume losses of the deposits welded with welding parameters D-G 
plotted as a function of dilutions of the deposits 
6.7.4 Hardness  
Hardness of the deposit is one parameter, which estimates abrasive wear resistance of 
the deposit. No straight relationship between abrasive wear resistance and hardness was 
obtained. It is difficult to estimate the abrasive wear resistance of the 12V-1 tool steel 
deposit as a function of hardness, even though the deposits welded with the same 
welding parameters are compared. Hardness of the 12V-1 tool steel deposits varied 
between 803 and 861 HV10 depending on the welding parameters, Table 28 and Figure 
91. Average hardness of the deposits welded with welding parameters A-G and the tool 
steel materials manufactured by the HIP process are presented in Table 28. 
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Table 28 Hardnesses and volume losses of the deposits welded with welding 
parameters A-G and the tool steel materials manufactured by the HIP 
process 
Material 
Hardness / s.d. 
     [HV10] 
Volume loss / s.d.
        [mm3] 
A, test 4, bead 2 803 / 29 20,4 / - 
A, test 6, bead 2 828 / 32 23,9 / - 
B, 120 A, bead 1 854 / 14 33,8 / - 
C 861 / 22 50,0 / - 
D, RT, 2,9 mm 815 / 22 35,3 / - 
D, PH, 2,2 mm 841 / 21 68,9 / - 
D, PH, 5,0 mm 810 / 27 30,8 / - 
D, 15V-1, RT, 2,9 mm 803 / 29 41,9 / - 
E, RT, 2,5 mm 808 / 23 57,3 / - 
F, RT, 2,4 mm 845 / 20 57,7 / - 
G, RT, 1,2 mm 857 / 18 78,0 / - 
HIP, 12V-1 755 / 4 29,9 / 3,8 
HIP, 12V-2 803 / 3 28,3 / 0,8 
HIP, 15V-2 796 / 7 21,9 / 0,9 
HIP, 10V 734 / 5 30,0 / 2,6 
Figure 91 Volume losses of the tool steel deposits welded with welding parameters 
A-G and the tool steel materials manufactured by the HIP process as a 
function of hardness 
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6.7.5 Mean size of vanadium carbides 
In Figure 92 and Table 29 are presented the effect of the mean size of VCs on the 
abrasive wear resistance of the tool steel deposits welded with welding parameters A-G 
and the tool steel materials manufactured by the HIP method. The abrasive wear 
resistance mainly increases, when the mean size of VC carbides increases. The 
maximum mean size of VC carbides of the deposits welded with parameters D was 1,3 
μm. The maximum abrasive wear resistance was obtained with welding parameters A, 
when the mean size of VCs was from 1,2 to 1,4 μm. The tool steel materials 
manufactured by the HIP process had the mean size of VCs from 0,8 to 1,1 m. The 
abrasive wear resistances of the HIP materials were better than that of the abrasive wear 
resistances of the deposits which had the mean size of VCs in the same range. 
Table 29 Mean sizes of VCs and volume losses of the tool steel deposits welded 
with welding parameters A-G and the tool steel materials manufactured by 
the HIP process 
Material 
Mean size / s.d. 
[ m] 
Volume loss / s.d 
[mm3] 
A, test 4, bead 2 1,2 / 0,5  20,4 / - 
A, test 6, bead 2 1,4 / 0,5 23,9 / - 
B, 120 A, bead 1 1,0 / 0,5 33,8 / - 
C 1,8 / 1,0 50,0 / - 
D, RT, 2,9 mm 0,5 / 0,3 35,3 / - 
D, PH, 2,2 mm 0,5 / 0,4 68,9 / - 
D, PH, 5,0 mm 1,3 / 0,7 30,8 / - 
D, 15V-1, RT, 2,9 mm 1,0 / 0,9 41,9 / - 
E, RT, 2,5 mm 0,5 / 0,4 57,3 / - 
F, RT, 2,4 mm 0,5 / 0,3 57,7 / - 
G, RT, 1,2 mm 0,7 / 0,6 78,0 / - 
HIP, 12V-1 0,8 / 0,2 29,9 / 3,8 
HIP, 12V-2 0,9 / 0,3 28,3 / 0,8 
HIP, 15V-2 0,9 / 0,3 21,9 / 0,9 
HIP, 10V 1,1 / 0,4 30,0 / 2,6 
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Figure 92  Volume losses of the tool steel deposits welded with welding parameters 
A-G and the tool steel materials manufactured by the HIP process plotted 
as a function of mean size of VC  
6.7.6 Carbide morphology 
In Table 30 and Figure 93 are presented width to height ratios of VCs of the PTA 
welded deposits and the materials manufactured by the HIP process. The PTA welded 
deposit welded with welding parameters A, test 6, bead 2 had the shape ratio of 0,83. 
The shape ratios of the PTA welded deposits varied between 0,66-0,83. The 15V-1 tool 
steel deposit had the lowest shape ratio, 0,66. The most round-shaped carbides were 
obtained with the tool steel materials HIP 12V-1 and HIP 12V-2, 0,86 and 0,85, 
respectively. The tool steel materials HIP 15V-2 and HIP 10V had the shape ratios of 
0,83. The best abrasive wear resistance was obtained with the samples having the best 
shape ratio. 
The carbides shape ratios of the weld beads 1, 2, 5, and 12 of the 1,0 mm thick deposit 
welded with welding parameters D were 0,78, 0,78, 0,73, and 0,75, respectively. The 
carbides shape ratios of the weld beads 1-3 welded with welding parameters B were 
0,75, 0,71, and 0,74, respectively. Thus, the carbides shape ratios seem to decrease due 
to overlapping in the deposits welded with welding parameters B and D. 
The carbides shape ratios of the weld beads 1 and 5 welded with welding parameters E 
and F were 0,74, 0,77 and 0,77, 0,80, respectively. Thus, the carbides shape ratios of the 
deposits welded with welding parameters E and F seem to increase during the surfacing 
procedure.  
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Table 30  VCs shape ratios and volume losses of the tool steel deposits welded with 
welding parameters A-G and the tool steel materials manufactured by the 
HIP process 
Material Carbides shape ratio  
/ s.d. / median 
Volume loss / s.d.
[mm3] 
A, test 4, bead 2 0,75 / 0,20 / 0,79 20,4 / - 
A, test 6, bead 2 0,83 / 0,18 / 0,88 23,9 / - 
B, 120 A, bead 1 0,75 / 0,22 / 0,80  33,8 / - 
B, 120 A, bead 2 0,71 / 0,24 / 0,72 - 
B, 120 A, bead 3 0,74 / 0,22 / 0,78 31,6 / -  
C 0,68 / 0,22 / 0,71 50,0 / - 
D, RT, 2,9 mm 0,74 / 0,24 / 0,79 35,3 / - 
D, RT, 2,9 mm, bead 1 0,77 / 0,23 / 0,83 - 
D, RT, 2,9 mm, bead 5 0,71 / 0,24 / 0,74 - 
D, RT, 1,42 mm/s, 2,8 mm 0,69 / 0,25 / 0,73 - 
D, RT, 1,49 mm/s, 2,7 mm 0,76 / 0,22 / 0,82 - 
D, PH, 2,2 mm 0,70 / 0,26 / 0,75 68,9 / - 
D, PH, 5,0 mm 0,74 / 0,21 / 0,80 30,8 / - 
D, 15V-1, RT, 2,9 mm 0,66 / 0,26 / 0,70 41,9 / - 
D, RT, 1,0 mm, bead 1 0,78 / 0,20 / 0,82 - 
D, RT, 1,0 mm, bead 2 0,78 / 0,22 / 0,85 - 
D, RT, 1,0 mm, bead 5 0,73 / 0,23 / 0,80 - 
D, RT, 1,0 mm, bead 12 0,75 / 0,22 / 0,81 - 
E, RT, 2,5 mm 0,75 / 0,24 / 0,81 57,3 / - 
E, RT, 2,5 mm, bead 1 0,74 / 0,25 / 0,80 - 
E, RT, 2,5 mm, bead 5 0,77 / 0,23 / 0,83 - 
F, RT, 2,4 mm 0,78 / 0,23 / 0,86 57,7 / - 
F, RT, 2,4 mm, bead 1 0,77 / 0,23 / 0,85 - 
F, RT, 2,4 mm, bead 5 0,80 / 0,22 / 0,87 - 
G, RT, 1,2 mm 0,70 / 0,25 / 0,74 78,0 / - 
HIP, 12V-1 0,86 / 0,17 / 0,92 29,9 / 3,8 
HIP, 12V-2 0,85 / 0,17 / 0,91 28,3 / 0,8 
HIP, 15V-2 0,83 / 0,18 / 0,90 21,9 / 0,9 
HIP, 10V 0,83 / 0,17 / 0,88 30,0 / 2,6 
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Figure 93 Volume losses of the tool steel deposits welded with welding parameters 
A-G and the tool steel materials manufactured by the HIP method as a 
function of carbides width to height ratio 
6.7.7 Mean free path 
The MFPs of the 12V-1 tool steel deposits were between 0,6-2,2 μm, Table 31 and 
Figure 94. The lower limit of the abrasive was about 100 m. Thus, the whole abrasive 
is not able to degrade the matrix material between the VCs. The best abrasive wear 
resistance was obtained, when the MFP was 1,5 m. The sample was welded with 
welding parameters A. The MFPs of the tool steel materials manufactured by the HIP 
process were between 0,8-1,3 m. 
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Table 31 MFPs and volume losses of the tool steel deposits welded with welding 
parameters A-G and the tool steel materials manufactured by the HIP 
process 
Material 
MFP / s.d. 
[ m] 
Volume loss / s.d. 
[mm3] 
A, test 4, bead 2 1,4 / 0,8  20,4 / - 
A, test 6, bead 2 1,5 / 1,0 23,9 / - 
B, 120 A, bead 1 1,4 / 0,8 33,8 / - 
C 2,2 / 1,3 50,0 / - 
D, RT, 2,9 mm 0,8 / 0,5 35,3 / - 
D, PH, 2,2 mm 0,7 / 0,4 68,9 / - 
D, PH, 5,0 mm 1,7 / 1,3 30,8 / - 
D, 15V-1, RT, 2,9 mm 1,1 / 0,8 41,9 / - 
E, RT, 2,5 mm 0,6 / 0,3 57,3 / - 
F, RT, 2,4 mm 0,7 / 0,5 57,7 / - 
G, RT, 1,2 mm 0,8 / 0,6  78,0 / - 
HIP, 12V-1 1,0 / 0,5  29,9 / 3,8 
HIP, 12V-2 1,0 / 0,6  28,3 / 0,8 
HIP, 15V-2 0,8 / 0,4  21,9 / 0,9 
HIP, 10V 1,3 / 0,8  30,0 / 2,6 
Figure 94  Volume losses of the tool steel deposits welded with welding parameters 
A-G and the tool steel materials manufactured by the HIP process plotted 
as a function of MFP 
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6.7.8 Volume fraction of vanadium carbides 
In Figure 95 is presented the effect of the volume fraction of VCs on the abrasive wear 
resistance. The highest volume fraction of VCs of the 12V-1 tool steel material was 
obtained with the 12V-1 tool steel material manufactured by the HIP process, 18,0   
vol.-%. The volume fraction of VCs of the HIP material containing 11,5 % vanadium 
has been earlier measured to be 18,2 (Kivikytö-Reponen, 2006) and 20,0 vol.-% (Ala-
Kleme et al., 2007). 
The best abrasive wear resistance was in the deposits welded with welding parameters 
A. The volume fraction was then between 15,5-15,7 vol.-%. In the 12V-1 tool steel 
deposit welded by the PTA method the volume fraction of VCs was between 12,2 and 
17,5 vol.-%, Tables 17 and 32. Thus, the welding parameters have a remarkable effect 
on the microstructure and the abrasive wear resistance. 
Table 32  Volume fractions of VCs and volume losses of the tool steel deposits 
welded with welding parameters A-G and the tool steel materials 
manufactured by the HIP process 
   Material 
 Volume fraction / s.d. 
 [vol.-%] 
 Volume loss / s.d.
 [mm3] 
A, test 4, bead 2 15,5 / 2,1 20,4 / - 
A, test 6, bead 2 15,7 / 2,8 23,9 / - 
B, 120 A, bead 1 13,4 / 1,7 33,8 / - 
C 17,5 / 5,5 50,0 / - 
D, RT, 2,9 mm 14,6 / 2,0 35,3 / - 
D, PH, 2,2 mm 14,3 / 1,7 68,9 / - 
D, PH, 5,0 mm 16,9 / 1,7 30,8 / - 
D, 15V-1, RT, 2,9 mm 20,3 / 3,7 41,9 / - 
E, RT, 2,5 mm 15,0 / 2,3 57,3 / - 
F, RT, 2,4 mm 16,0 / 2,4 57,7 / - 
G, RT, 1,2 mm 14,5 / 1,6 78,0 / - 
HIP, 12V-1 18,0 / 0,8 29,9 / 3,8 
HIP, 12V-2 18,3 / 1,3 28,3 / 0,8 
HIP, 15V-2 20,6 / 0,7 21,9 / 0,9 
HIP, 10V 14,7 / 1,2 30,0 / 2,6 
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Figure 95 Volume losses of the tool steel deposits welded with welding parameters 
A-G and the tool steel materials manufactured by the HIP process plotted 
as a function of volume fraction of VC 
6.7.9 Martensite and retained austenite contents 
In Table 33 is presented martensite and retained austenite contents. In Figure 96 the 
volume loss of the tool steel materials is plotted as a function of martensite and retained 
austenite contents. Martensite contents were between 59,0-63,7 and 47,2-61,9 % in the 
deposits welded with welding parameters A-C and D-G, respectively. The materials 
manufactured by the HIP process had low retained austenite and high martensite 
contents. The HIP samples were double tempered at temperature 540-570 ºC. Hold time 
was 2 h. After heat treatment retained austenite content is low.  
In the PTA welded deposits retained austenite contents were between 22,9 and 32,5 %. 
Retained austenite contents were slightly higher in the deposits welded with welding 
parameters E-G, between 28,3-31,3 %. Retained austenite contents were between    
22,9-25,3 % in the deposits welded with welding parameters A-C. The deposit 15V-1 
tool steel had 9,0 % higher retained austenite content when compared to the 12V-1 tool 
steel deposit welded with the same welding parameters D. 
Teupke (2002) measured retained austenite contents for variety of PTA welded tool 
steel alloys. Similar composition as 12V-1 tool steel was not present. According to      
the X-ray measurements retained austenite content for the PTA welded 12V-1 tool steel 
deposit should be between 22-30 vol.-%. Bourithis et al. (2005) measured retained 
austenite contents of the PTA welded deposits according to ASTM E975-95 standard, 
and obtained 25±5 vol.-%. The alloy contained C 1,9 %, Ti 5,2 %, Cr 4,3 %, Mo 1,5 %, 
Mn 0,8 %, and Si 0,2 %. The proportion of TiC in the layer was 23±4 vol.-%. Wang et 
al. (2006) measured that LB welded deposits CPM 9V, CPM 10V, CPM 15V, and M4 
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had relative volumetric ratios of retained austenite to martensite of 8,5, 1,3, 1,5, and 
0,26 in as-welded condition and 0,2, 0,1, 0,0, and 0,0 after heat treatment at 600 °C, 
respectively. Xu et al. (2007) measured retained austenite contents based on 
ferromagnetism for an alloy C 2,98 %, V 9,8 %, Cr 4,25 %, Mo 2,95 %, Si 0,65 %, Mn 
0,83 %, S 0,05 %, and P 0,06 % manufactured by casting. After quenching/tempering at 
temperatures 900/550, 900/600, 950/550, 950/600 ºC retained austenite contents were 
6,8, 2,0, 6,0, and 4,3 vol.-%, respectively. 
Table 33 Martensite and retained austenite contents of the tool steel deposits welded 
with welding parameters A-G and the tool steel materials manufactured by 
the HIP process 
Material Martensite 
 / s.d 
[%] 
Retained 
 austenite 
[%] 
A, test 4, bead 2 60,9 / 1,4 23,6 
A, test 6, bead 2 59,0 / 0,4  25,3 
B, 120 A, bead 1 63,7 / 1,0 22,9 
C 59,1 / 1,1 23,4 
D, RT, 2,9 mm 61,9 / 4,5  23,5 
D, PH, 2,2 mm 57,9 / 1,9 27,8 
D, PH, 5,0 mm 54,4 / 5,1 28,7 
D, 15V-1, RT, 2,9 mm 47,2 / 3,0 32,5 
E, RT, 2,5 mm 53,7 / 2,3 31,3 
F, RT, 2,4 mm 54,7 / 4,7 29,3 
G, RT, 1,2 mm 57,2 / 4,0 28,3 
HIP, 12V-1 78,3 / 2,2 3,7 
HIP, 12V-2 74,9 / 5,7 6,8 
HIP, 15V-2 75,5 / 1,2 3,9 
HIP, 10V 80,2 / 1,8 5,1 
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Figure 96  Volume losses of the tool steel deposits welded with welding parameters 
A-G and the tool steel materials manufactured by the HIP process as a 
function of retained austenite and martensite contents  
6.8 Wear tracks 
6.8.1 Low stress abrasive wear 
The wear tracks of the samples welded with welding parameters A, C, and D are 
presented in Figures 97a-f. In Figures 98a, b is presented the wear track of the tool steel 
12V-1 reference sample manufactured by the HIP process. Microcracking of VCs can 
be seen in every wear track. 
The deposit welded with welding parameters A, test 4, bead 2, had the best abrasive 
wear resistance in the RWAT. In Figures 97a, b can be seen the round-shaped, relatively 
homogeneously precipitated VC carbides. The volume fraction of VCs in the wear track 
was approximately 25-30 vol.-%. The matrix metal has worn away and the carbides are 
slightly above the matrix surface as was presented in Figure 38b. The volume fraction 
of VCs has increased when compared to the microstructure, Figures 68a, b. Due to 
abrasive wear the carbides in different depths can be seen, thus, the volume fraction of 
VCs increases. Some of the VCs were crushed during the RWAT. 
The abrasive wear resistance of the deposits welded with welding parameters C and D 
was quite the same. In Figures 97c, d and 97e, f can be seen bigger and smaller carbides 
as well as areas where carbides are not present. Thus, these microstructures are not as 
homogeneous as the microstructures presented in Figures 68a, b and 68c, d. 
Microcracking of VCs can be seen. The volume fractions of VCs in the wear tracks 
were 20-23 vol.-%. Thus, in
were estimated from the mic
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Figure 98 a, b) Wear track of the 12V-1 tool steel material manufactured by the 
HIP process 
6.8.2 High stress abrasive wear 
In Figures 99a, b is presented the wear track of the deposit welded with welding 
parameters A, test 2, bead 1. Normal load 174 N was used for testing high stress 
abrasive wear. Microcutting and microploughing can be seen in the areas where the 
MFP is high. Rolling of the abrasives was at least partly prevented. In Figure 99b can be 
seen three wear scars ending to a 3,2 m sized carbide edge. Thus, normal load has been 
high enough to crush abrasives. Also a lot of crushed VCs were observed on the wear 
track.  
Figure 99  Wear track of the 12V-1 tool steel deposit welded with welding parameters 
A, test 2, bead 1, and abraded with load 174 N in the RWAT: a) an 
overview and b) three wear scars ending to the edge of the crushed 3,2 m 
sized vanadium carbide  
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7 Discussion 
7.1 PTA equipment 
In this study the deposits were surfaced by the mechanized and the robotized PTA 
welding units. The number of welding parameters is high in the PTA process. In mass 
production the surfacing process has to be very stable. The effect of each welding 
parameter and their interactions has to be known.  
The wear resistant welded deposits are normally 1-6 mm thick. The weldability of the 
12V-1 tool steel powder was good. Surfaces of the deposits were relatively even. 
Thickness range 2-4 mm for the 12V-1 tool steel deposits is easy to weld by the PTA 
method. Thickness range 4,5-6,0 mm for the 12V-1 tool steel deposit is challenging. 
Problems in the dilution control and, thus, welding defects may occur in the fusion line 
because of the large size of the molten pool. 
Basically the dilution was easier to control, when the robotized PTA unit was used, 
because reproducibility of the process was much better. Overlapping movement was 
made manually with the mechanized unit, which is time consuming process. 
Programming of the robot takes time. Both the mechanized and the robotized welding 
units were suitable for the PTA process. 
7.2 Dilution 
7.2.1 Temperature of work piece 
Preheating was used with welding parameters A, B, and D. The work pieces were 
preheated by the acetylene torch. The preheated work pieces were surfaced by 2-5 
overlapping weld beads. One reason for inaccuracy in the dilutions of the deposits was 
the change in the temperature of the work piece during the welding process. Because of 
the mechanized welding unit, the plasma torch was displaced manually between the 
weld beads during the PTA welding process. This procedure took from 2 to 4 min. 
During this waiting time the temperature of the work piece decreased. With welding 
parameters D the deposits were welded by the robotized welding unit. Thus, the welding 
process was continuous and no decreasing temperature of the work piece was obtained.  
The preheating temperatures for welding parameters A were 200 or 300 °C. Two 
overlapping weld beads were welded and no remarkable decreasing temperature was 
detected. At temperatures 200-300 °C the temperature of the work piece may decrease 
20-50 °C while displacing the plasma torch. The effect of the temperature change of the 
work piece on the dilution was 1 % / 30 °C in the 4 mm thick deposits (Hunt, 1988; 
Sharples, 1985). 
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The temperature change was the biggest for the deposits welded with welding 
parameters B, because of high preheating temperature, 450 °C. The work piece was 
preheated to 570 °C, but the temperature decreased to 450 °C while welding the first 
bead. The temperatures of the work pieces welded with welding parameters B were on 
average 370-450 °C after the third bead was welded. The effect of the temperature 
change of the work piece on the dilution was 1 % / 30 °C in the 4 mm thick deposits and 
2 % / 30 °C in the 2 mm thick deposits (Hunt, 1988; Sharples, 1985). In according to 
theory, the dilutions of the second and third weld beads welded with welding 
parameters B can be decreased approximately 2 % per each bead due to temperature 
changes of the work pieces.  
7.2.2 Plasma arc current 
The dilution of the deposit is the easiest to adjust by plasma arc current. In Table 13 was 
presented used plasma arc currents and the dilutions of the welded beads. The 
temperature of the work piece increased from RT to 250 ºC, while plasma arc current 
was reduced from 74 to 58 A. The dilution control is challenging, because the welding 
operator has to adjust plasma arc current during the welding process. Without any 
auxiliary equipment like optical emission spectrometer, the adjustment can be made 
only by experience of the welding operator. 
Preheating for the 12V-1 tool steel powder is not necessary to avoid cracking of the 
deposit. It is possible to preheat the deposit to 250-300 °C temperature, which is typical 
temperature of the work piece during the PTA welding process. Typical operating 
temperature for the middle-sized application is on average 288 ºC (Kapus, 1980). Thus, 
need to adjust plasma arc current during the welding process is minor, if suitable 
preheating temperature is used. Therefore, preheating makes it easier to control the 
dilution. The PTA process is then stable, powder fraction can be more precisely tailored 
for used heat input and the consumable efficiency can be optimized. Then, the PTA 
process is economical.   
7.2.3 Powder feed rate 
In Table 13 was presented thicknesses of the weld beads. Because plasma arc current 
had to be reduced for getting the optimal dilution, the reduced heat input was not 
enough to melt the larger particle fractions. Therefore, thicknesses of the weld beads 
were reduced when plasma arc current was decreased. The decreasing size of the molten 
pool changes the location of the plasma arc in relation with the molten pool. This effect 
has an effect on the dilution, because the plasma arc heats then more the base material.  
The powder fraction was the same in all welding tests, even though welding parameters 
changed a little. By increasing powder feed rate the decreasing consumable efficiency 
can be controlled. If powder feed rate is varied also plasma arc current has to be 
adjusted for melting the increased amount of powder. However, in the mass production 
the powder fraction is optimized with plasma arc current and heat input to maximize the 
consumable efficiency. 
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In the welding tests A, B, D, E, and F with overlapping weld beads the thickness of the 
deposits increased bead by bead. After the 2-5th weld bead was welded depending on 
the welding parameters, the thickness of the deposits achieved their maximum 
thickness. Because the overlapping distances were shorter than the widths of the beads, 
the thicknesses of the beads increased. This effect has an effect on the dilution, because 
the plasma arc heats then more the molten pool. To get even surface powder feed rate 
has to be decreased after the first weld bead is welded. Heat input has to be balanced to 
the changed powder feed rate. 
  
7.2.4 Location of plasma arc 
The plasma arc column was directed to the edge of the molten pool, when the deposits 
were welded with welding parameters A, B, D, and E. The location of the plasma arc 
was detected visually. The dilutions of the deposits were then optimal. When heat input 
and the dilution increased, the molten pool increased, too. Therefore, the plasma arc 
heated more the molten pool and its size increased further. This caused penetration 
problems, because the plasma arc moved more on the molten pool. The molten pool 
restricts the plasma arc ability to form penetration.  
In welding tests with welding parameters C and F the location of the plasma arc was on 
the molten pool. Even though plasma arc current was increased, the dilution remained at 
low level. Welding defects were occasionally found from the fusion lines. In case of 
pure abrasive wear resistance some welding defects in the fusion line have no effects on 
the detachment of the deposit. The dilution control is easier when the location of the 
plasma arc is on the molten pool than in the edge of the molten pool. 
7.2.5 Argon-hydrogen gas mixtures 
Hydrogen increases mobility and the size of the molten pool and, thus, the molten pool 
restricts the formation of the penetration. Because hydrogen also increases the 
wettability of the molten pool, welding defects were seldom detected. The molten pool 
was between the plasma arc and the work piece when Ar + 5 % H2 gas mixture was 
used.  
Because of enhanced wettability due to hydrogen, the dilution control was the easiest 
with welding parameters F, then with E, and worst with D. With welding parameters D 
the controllability of the dilution still decreased, when the temperature of the work piece 
was increased. 
7.3 Microstructure 
The microstructures of the PTA welded deposits are not completely homogeneous, thus, 
the point from where the picture has been taken, can have an effect on the results. The 
analyzing method also may have an effect on the accuracy of the results. 
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7.3.1 Volume fraction of vanadium carbides 
The volume fractions of VCs in the 12V-1 tool steel deposits varied between 12,2-17,5 
vol.-% depending on the welding parameters. The measurements were made from the 
core of the deposits. The volume fraction varies as a function of distance from the 
fusion line. Nearby the fusion line the volume fraction of VCs was 3 vol.-% lower when 
compared to the core and top of the deposit welded with welding parameters B. The 
dilution from the base material is the main explanation. Preheating was high with 
welding parameters B. Thus, the base material had no remarkable effect on cooling time 
nearby the fusion line.  
The deposits welded with 25 mm oscillation width had slightly higher volume fraction 
of VCs as the deposits welded with 6,5 mm oscillation width, when the location of the 
plasma arc was in the edge of the molten pool. By relocating the plasma arc more on the 
molten pool, the volume fraction of VCs increased. The volume fractions of VCs of the 
deposits C, 175 A and D, RT, 5,0 mm were 17,5 and 16,9 vol.-%, respectively. The 
volume fraction of VCs of the 12V-1 tool steel material manufactured by the HIP 
process was approximately 18,0 vol.-%. The volume fractions of VCs of the deposits 
welded by the PTA process are lower than in the tool steel materials manufactured by 
the HIP process. The location of the plasma arc on the molten pool is useful when high 
volume fraction of VCs is necessary. The highest volume fraction of VCs was obtained 
with welding parameters C. The size of the molten pool and the bead thickness were the 
biggest. 
The volume fractions of VCs of the deposits having V 10-12 % and V 15-18 % were 
17-20 vol.-% and 26-31 vol.-%, respectively, when welding tests were welded by the 
PTA welding method, while the other chemical components were Cr 4-6 %, Mo 1-2 %, 
Si 1 %, and Mn 1 % (Gebert et al., 2001). The deposit welded with welding parameters 
C had similar volume fraction of VC.  
7.3.2 Size and morphology of vanadium carbides 
The mean size of VCs depends on the welding parameters. The mean size of VCs was 
the highest in the deposit welded with welding parameters C. The location of the plasma 
arc was then on the molten pool. Even though the mean size of the VCs was high, the 
shapes of the VCs were partly round-shaped and partly needle-shaped in the deposit 
welded with welding parameters C. The most round-shaped VCs was obtained with 
welding parameters A, test 6, bead 2, having the shape ratio of 0,83. The carbides shape 
ratio of the weld bead welded with welding parameters A, test 4, bead 2, 0,75, does not 
correlate with the shapes of the carbides presented in Figures 97a, b. The PTA welded 
deposits are not as homogeneous as the materials manufactured by the HIP process. In 
the materials manufactured by the HIP process the shape ratios were 0,83-0,86. In the 
other welding parameter windows the shapes of the VCs were more needle-shaped. In 
the microstructure of the deposit D, RT, 5,0 mm some round-shaped VCs were 
obtained, even though the location of the plasma arc was slightly on the molten pool. 
Low heat input may explain the result. In the deposits welded with welding parameters 
E-F, the sizes of VCs were relatively small. The shapes of VCs of the deposits welded 
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with welding parameters E and F were more needle-shaped in the first beads when 
compared to the shapes of VCs of the fifth beads. 
Convection of the molten pool by the plasma arc has an effect on the deposit 
microstructure. Convection of the molten pool caused stirring effect, thus, the VCs were 
formed as long, narrow needle-shaped carbides. The strength of the factors affecting the 
weld pool convection, i.e., electromagnetic or Lorentz force, buoyancy or gravity force, 
surface tension or Marangoni force, and impinging, friction or aerodynamic drag force 
of the arc plasma, cannot be analysed from the SEM pictures. 
7.3.3 MFP 
The MFP was the highest in the deposit welded with welding parameters C. Also the 
mean size of VCs was the highest. In the deposits welded with welding parameters A, 
tests 4 and 6 the MFPs and the mean sizes of VCs were almost the same. Stirring by the 
plasma arc may produce smaller and needle-shaped VCs as well as smaller MFP. The 
MFP was the lowest in the deposits welded with welding parameters D-F, RT.  
7.3.4 Cumulative volumes of vanadium carbide sizes and MFPs 
The cumulative volumes of the VC sizes and the MFPs of the deposits were analyzed. 
In the deposits welded with welding parameters A, B, C, D-F, and G, 20-40, 70, 20, 40-
96, and 80 % of VCs were smaller than 1 m, respectively. In the materials 
manufactured by the HIP process, 48-81 % of VCs were smaller than 1 m. The sizes of 
VCs can be controlled by adjusting the welding parameters. For instance, in the 
parameter window D the amount of the sub-micron-sized VCs can be in the range of       
40-96 %, mainly depending on the location of the plasma arc.  
The MFP is not constant in the 12V-1 tool steel deposits. In the deposit welded with 
welding parameters C it has remarkably higher value when compared to the other 
deposits. 80 % of the measured distances between the carbides were higher than 1 m. 
15 % of the distances were higher than 3 m. The MFP was 0,8-1,3 m for the materials 
manufactured by the HIP process. Thus, the MFPs were bigger in the deposits welded 
with welding parameters A-C. 
7.3.5 Retained austenite 
Retained austenite contents were between 22,9 and 32,5 % depending on the welding 
parameters. The volume fraction of VCs has an effect on the retained austenite content. 
Retained austenite content is one of the explanations to the volume loss in the RWAT. 
In Figure 96 the volume loss increases rapidly when the retained austenite content 
increases. However, the volume loss of the PTA welded 12V-1 tool steel deposit 
depends on the volume fraction of VCs, the size of the VCs, the MFP, the carbides 
morphology, and the matrix phases.  
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Retained austenite content can be decreased by double tempering. The best abrasive 
wear resistance was obtained after double tempering at 560 ºC. Bouaifi et al. (1993) had 
the highest hardness for the 5 % diluted 240 Cr5MoV10 deposit at the same 
temperature. Hardness of the 240 Cr5MoV10 deposit was in as-welded condition 59-61 
HRC and after double tempering 63,8-65 HRC. After double tempering at 560 ºC the 
volume loss of a 10 % diluted deposit welded with welding parameters E decreased 
from 61,4 to 43,7 mm3. 
7.3.6 Microstructural changes in weld bead 
The PTA method is used sometimes for surfacing small-sized components or small- 
sized areas. Changes in the microstructure were detected in a bead welded with welding 
parameters B. In Table 17 and Figure 68e are presented the volume fraction, the mean 
size, and the MFP of VCs of the deposit welded with welding parameters B. The 
original VCs melt completely and precipitate during cooling time. In the beginning of 
the bead, after the plasma arc is ignited, the size of the molten pool is small and cooling 
time is short. VCs do not have enough time to grow. As can be seen from Table 23 and 
Figures 85a-c the volume fraction of VCs increases from the plasma arc ignition point 
to the end of the bead. The shape ratio increased from 0,67±0,25, 0,71±0,20 to 
0,76±0,21. The changes in the microstructure were small after 25 mm welding distance. 
However, it has to be noticed that the best abrasive wear resistance can be achieved at 
the end of the weld bead.  
7.3.7 Oscillation mode and welding speed 
The deposits welded with welding parameters D-F were welded with sine wave 
oscillation mode. The carbides were mainly needle-shaped and relatively small-sized. 
The welding speed was 1,35 mm/s. The welding speed was increased from 1,35 to 1,42 
and 1,49 mm/s to detect its effect on the microstructure. In Table 18 and Figures 71a-c 
are presented the volume fraction, the mean size, and the MFP of VCs of the deposits 
welded with welding parameters D by varying welding speed. The increasing welding 
speed enhanced the shapes of VCs, i.e., with welding speed 1,49 mm/s the carbides 
were more round-shaped. The volume fraction decreased rapidly, thus, heat input was 
too low to maintain the volume fraction of VCs. The increasing welding speed had no 
remarkable beneficial effects on the microstructure. With sine wave oscillation mode 
the plasma arc has to be too far away from the molten pool to get round-shaped 
carbides. In the edge of the sine wave the plasma arc has not movement in the welding 
direction. Thus, the plasma arc moves over the molten pool and stirs it, which has a 
detrimental effect on the shapes of the carbides. 
In the deposits welded with welding parameters B the linear movement in the end of the 
oscillation wave was 2,1 mm. The microstructure contained especially with higher 
dilutions more needle-shaped carbides. It was obvious that the plasma arc was moved 
slightly on the molten pool, because of the increased dilution, following the increased 
size of the molten pool, and the location of the plasma arc was then more on the molten 
pool.  
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The welding tests with welding parameters A were made by increasing the linear 
movement in the end of the oscillation wave from 2,1 to 2,2 mm. Mainly round-shaped 
VCs were obtained. The volume fraction of VCs remained at 15,5-15,7 vol.-%, which is 
2,3-2,5 vol.-% lower value as in the 12V-1 tool steel material manufactured by the HIP 
process. The rectangular wave oscillation mode was the most useful oscillation wave 
mode, because it had minor stirring effect on the molten pool after dwell time was 
adjusted. Also the location of the plasma arc was easy to maintain during the welding 
tests. 
Thickness and width of the weld bead, deposition rate, oscillation mode, welding speed, 
heat input, and location of the plasma arc determine mainly the size of the molten pool 
in the PTA process. When the volume of the molten pool increases, the volume fraction 
and the size of the carbides increase. The PTA process is just in the right range of 
variation, so that the sizes of the carbides can be determined within specified limits by 
changing the oscillation parameters and the deposition rate. 
7.3.8 Overlapping 
The effects of overlapping on the microstructure were detected from the deposits 
welded with welding parameters B and D. In the first weld bead, especially in the 
deposit welded with welding parameters D, VCs were more round-shaped. In the 
deposits welded with both welding parameters the next weld beads contained more 
needle-shaped VCs. The differences were small and may vary in the deposit cross-
section. Two- or three-dimensional heat flow may have effect on the microstructure 
when surfacing larger areas including edges of the component. However, the carbides 
shape ratios of the weld deposits welded with welding parameters E and F increased 
during the surfacing process. 
7.4 Abrasive wear resistance 
7.4.1 Microstructure 
The abrasive wear resistance of the 12V-1 tool steel deposit depends on the volume 
fraction of VCs, the mean size of VCs, the shapes of the carbides, the MFP, and the 
matrix phases. These factors can be lightly adjusted by the welding parameters. Also the 
wear environment, mainly the sizes of the abrasives, its asperities, attack angle, and 
normal load have effects on the abrasive wear resistance.  
The abrasive wear resistance increased when the mean size of VC carbides increased 
from 0,5 to 1,2-1,4 μm. Above 1,4 μm mean size of VC carbides, no increase in the 
abrasive wear resistance was obtained. The MFP was the highest in the deposit welded 
with welding parameters C. Thus, it is possible that the MFP above 2 m reduces 
dramatically the abrasive wear resistance because at the ratio MPF/da > 1 the abrasive 
particles can wear-off the matrix. The abrasive range was from 100 to 600 μm. Thus, 
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only asperities of the abrasives can abrade the matrix material between VCs. In the wear 
tracks presented in Figures 97a-f can be seen that between the carbides are lots of wear 
scars, the widths of which are between 0,1-0,5 μm. The abraded material may be cut-off 
carbides, crushed carbides, crushed abrasives, or asperities of the quartz sand particles. 
The shape of VCs had remarkable effect on the abrasive wear resistance. In the deposits 
welded with welding parameters A the most round-shaped VCs were detected from the 
microstructures and especially from the wear tracks. The abrasive wear resistances of 
the deposits welded with welding parameters A were 1,5-3,0 times higher than in the 
deposits welded in the other parameter windows. The deposits welded with welding 
parameters A had low retained austenite contents. Thus, higher amount of martensite 
had greater ability to support the round-shaped carbides. 
7.4.2 Dilution 
The effect of the increasing dilution of the 12V-1 tool steel deposit on the abrasive wear 
resistance was not possible to analyze exactly. The dilution means that the alloying 
elements from the thin layer of the base material are diluted to the deposit. In the PTA 
method, 5-10 % dilution is easy to maintain during the welding process. Thus, its effect 
on the microstructure and the wear resistance remain constant during the welding 
process. In Table 13 was presented the dilution of the weld beads, which remained quite 
constant during the welding process. 
The increasing dilution changes the location of the plasma arc in relation with the 
molten pool. When the dilution increases, increases the size of the molten pool and if 
the location of the plasma arc is not changed during the welding process, the 
microstructure changes because of stirring effect of the plasma arc and convection of 
the molten pool. This phenomena has to be noticed when the abrasive wear resistance 
and the dilution are compared to each other. 
If only dilution is taken into account the volume loss in the deposits welded with 
welding parameters A and B increased from 4 to 25 mm3 per 20 % increase in the 
dilution. In the deposits welded with welding parameters D the increased dilution from 
7 to 15 % increased the volume loss 30 mm3. In the deposits welded with welding 
parameters E the increased dilution from 5 to 15 % increased the volume loss 22 mm3. 
In the deposits welded with welding parameters F the increased dilution from 4 to 9 % 
increased the volume loss 3 mm3.  
7.4.3 Plasma arc location 
The dilution is not the only phenomenon explaining the wear resistance of the deposit. 
If the 6 and 0,5 %, 7 and 7 % diluted samples welded with welding parameters A and C, 
D and F are compared, the volume loss increased from 23,9 to 50 mm3 and from 40 to 
62 mm3, respectively. Thus, even though the dilution remained constant the volume loss 
increased remarkably, depending on the welding parameters. The areas of the bead 
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cross-section in the deposits welded with welding parameters A, C and D, F were quite 
the same. Thus, it has no remarkable effect on the abrasive wear resistance.  
The best abrasive wear resistance was obtained, when the plasma arc was in the edge of 
the molten pool. The location of the plasma arc was adjusted by linear movement in the 
edge of the oscillation wave, when rectangular wave mode was used. The best deposits 
welded with welding parameters A differ from the other welding parameters in addition 
with increased plasma gas flow rate and increased working distance. In the deposits 
welded with welding parameters B-G plasma gas flow rate was 2 l/min. It has not 
enough constricting effect on the plasma arc, i.e., the plasma arc column is still quite 
wide. With plasma gas flow rates 4 and 6 l/min the abrasive wear resistance was 
enhanced. By increasing further working distance from 8-9 to 10-12 mm, the abrasive 
wear resistance was optimized. The plasma arc is then more columnar. Higher working 
distance reduces the velocity of the plasma gas. The changes needed in surfacing 
parameters are often very fine. 
In the deposits welded with welding parameters B the abrasive wear resistance was 
mainly better in the first beads. It is obvious that the microstructure changes due to 
overlapping, because the location of the plasma arc changes due to increased volume of 
the weld beads. When the second and the third weld bead were welded, the molten pool 
moved to the welding direction, and the location of the plasma arc changed. The 
changed location of the plasma arc restricts formation of penetration. Abrasive flow rate 
was higher with 105 rpm. Higher abrasive flow rate increases the volume loss. Also it 
has to be noticed, that the samples were first abraded with 105 rpm and after that test the 
samples were ground and tested again with 200 rpm. Variations in the RWAT may 
explain part of the results. Standard deviations 0,8-3,8 mm3 were obtained for the 
materials manufactured by the HIP process. Standard deviations in hardness tests were 
larger in the deposits welded by the PTA process than in the materials manufactured by 
the HIP process. The effect of the dilution was not possible to analyze clearly. 
Effect of plasma arc location on the abrasive wear resistance of the deposits welded 
with welding parameters D-F, RT, is not possible to analyze. The abrasive wear 
resistances of the weld beads welded with welding parameters D-F, RT, were not 
possible to analyse because of the smaller bead widths than the rubber wheel size. The 
microstructures of the deposits welded with welding parameters D, E, and F contained 
mainly small-sized and needle-shaped carbides. The microstructures and the abrasive 
wear resistances of the deposits D-F were quite the same. In the deposits welded with 
welding parameters E and F the carbides shape ratios seem to increase when the 
welding procedure continues. The size of the molten pool and cooling time are maybe 
both enough for VCs to grow up more round-shaped. 
The deposit welded with welding parameters D, PH, 5,0 mm had the same abrasive 
wear resistance than that of the 12V-1 tool steel material manufactured by the HIP 
process. The abrasive wear resistance of the small-sized deposit may be enhanced by 
welding the plasma arc more on the molten pool. Then plasma gas flow rate, plasma arc 
current, and oscillating parameters have to be adjusted so that the stirring effect of the 
plasma arc remains low. The dilution is then close to zero, but usually only small pores 
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are detected from the fusion line, the defects of which do not have any effects on the 
detachment of the deposit. 
7.4.4 Preheating 
In parameter windows A-B and D, preheating had no measurable effect on the abrasive 
wear resistance. Excellent abrasive wear resistance is obtained with high amount of 
martensite. Preheating may have an effect on the amount of martensite. However, the 
effect of preheating was not possible to analyze from the welding tests. The austenite 
phase can undergo transformation from austenite to martensite during abrasive wear. 
7.4.5 Wear tracks 
The hard wear resistant carbides are needed to resist abrasive wear in the 12V-1 tool 
steel deposits. Because of the wear type, hard wear resistant matrix is also needed so 
that the benefits of the wear resistant carbides can be fully exploited. The surfaces of the 
12V-1 tool steel wear test samples were even in visual inspection after the rubber wheel 
abrasion tests. Surface roughness measurements revealed that Ra was 1,60 m in the end 
of the test. Therefore, no deep grooves were formed.  
In the 12V-1 tool steel deposits the abrasive wear resistance depends mainly on the 
volume fraction of VCs, the mean size of VCs, the carbides shape ratio, the MFP, and 
the matrix phases. The wear track of the deposit welded with welding parameters A 
contained after the RWAT relative homogeneously precipitated round-shaped carbides. 
The volume fraction of VCs in the wear surface was bigger than was estimated from the 
microstructure. The carbides were slightly above the wear surface, therefore, the volume 
fraction of VCs was increased. Thus, the round-shaped carbides have shielded the 
wearing surface very well.  
In the wear tracks of the deposits welded with welding parameters C and D, the biggest 
carbides were left on the worn surface. A lot of crushed carbides can be seen. In the 
wear tracks can be seen areas, where the MFP was high. It is obvious that the smallest 
carbides have cut-off, while the biggest carbides are still present on the wear surface. 
The biggest carbides were crushing piece by piece. Some crushed and adhered carbides 
can be seen in the wear tracks.    
In the wear track of the 12V-1 tool steel material manufactured by the HIP process can 
be seen 0,1-0,5 μm sized wear grooves. The distribution of VCs was homogeneous. 
Some crushed carbides can be seen. As a conclusion the material wears quite evenly 
without any dramatic carbide cut-off or grooving. 
7.4.6 Welding parameters G 
The deposit welded with welding parameters G was welded without oscillation, i.e., by 
straight passes. The microstructure contained VCs, the mean size of which was 0,7 m. 
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The abrasive wear resistance was remarkably low, 78,0 mm3. The abrasive wear 
resistances were 20,4-68,9 mm3 in the deposits welded with welding parameters A-F by 
oscillating the plasma arc. Some pores were detected from the microstructure. These 
defects may decrease the abrasive wear resistance. 
7.4.7 Reference material 15V-1 tool steel 
The reference material 15V-1 tool steel for the microstructure and the abrasive wear 
tests was welded with welding parameters D without preheating. Layer thickness was 
2,9 mm. The 15V-1 tool steel powder was more alloyed when compared to the 12V-1 
tool steel powder. The volume loss of the 15V-1 tool steel deposit was 41,9 mm3, while 
it was 37-112 mm3 for the 12V-1 tool steel deposits welded with the same parameters. 
The volume fraction of VCs was 20,3 vol.-% for the 15V-1 tool steel deposit. It was 6 
vol.-% higher volume fraction when compared to the 12V-1 tool steel deposits welded 
with the same welding parameters. Also the mean size of VCs was higher, 1,0 m. The 
retained austenite content was the highest, 32,5 %, and the carbides shape ratio was the 
lowest. 
Even though the 15V-1 tool steel powder was more alloyed, when comparing the 15V-1 
tool steel deposit to the 12V-1 tool steel deposit welded with welding parameters A, the 
15V-1 deposit had lower test result in the rubber wheel abrasion test. Therefore, it is 
obvious that by selecting more alloyed material, the wear resistance is not automatically 
better. The welding parameters have to be optimized for every alloy. 
7.4.8 Modeling abrasive wear of weld deposits 
Modeling of abrasive wear of the PTA welded deposits is very complicated. The 
welding parameters have all together effects on the dilution and the microstructure of 
the deposits. The microstructure alteration is related to the distance from the base 
material fusion line to the top of the deposit. Also small variations in the dilution and 
the microstructure may be present in the first and the following weld beads. 
37 variables for the PTA welding method are identified effecting on the welding process 
(Kapus, 1980). General sliding wear has more than 100 different variables and constants 
effecting on the wear resistance (Meng et al., 1995). In equations 43 and 44 for the 
RWAT can been seen 7 variables. The other remarkable variables are wheel size, 
temperature rise, angularity, humidity, and area of wear scar (Avery, 1981). Stress level 
has an effect on the abrasive wear resistance in the RWAT. From the wear tracks 
abraded with low and high stress levels can be seen that rolling of the abrasives may 
prevent with high stress load, Figures 97-99. It can be said that abrasion is the main 
wear mechanism in the RWAT, but also other wear mechanisms can occur in small 
scale. In the field test the amount of process parameters effecting on the degradation of 
the deposits can be seldom known exactly. Interactions between different kinds of 
parameters have effects on the wear resistance. Welding operator and welding engineer 
as well as the welding unit have their own effects on the deposit quality (Kapus, 1980). 
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The differences in the microstructures of the 12V-1 tool steel deposits were low, but the 
effect of these differences on the wear resistance with used abrasive was high. It was 
also stated that the same welding parameters do not automatically fit for every alloys, 
even though the difference between alloy compositions is low. The abrasive wear 
models do not take into account the carbides shape ratio, the MFP, the size of carbides, 
the retained austenite content, and the volume fraction of carbides. These parameters 
change during the welding process, which makes it more difficult to estimate abrasive 
wear resistance by modeling. 
7.4.9 Optimized welding parameters 
The best abrasive wear resistance was obtained with welding parameters A, test 4, bead 
2 and A, test 6, bead 2, 20,4 and 23,9 mm3, respectively. In both deposits the abrasive 
wear resistance of the first bead was lower when compared to the abrasive wear 
resistance of the second bead. In the abrasive wear test the standard deviation of the 
relatively homogeneous 12V-1 tool steel material manufactured by the HIP process was 
3,8 mm3. The materials manufactured by the HIP process had the most homogeneous 
microstructure. Thus, the abrasive wear test results of A, test 4, bead 2 and A, test 6, 
bead 2 are almost in the range of standard deviation.  
For optimizing the abrasive wear resistance of the first and the following beads the 
welding parameters have to be slightly varied. Powder feed rate can be decreased and 
plasma gas flow rate can be increased. The dilution of the deposit can be adjusted by 
plasma arc current. 
The deposits welded with welding parameters A, tests 4 and A, test 6 had better 
abrasive wear resistance in the RWAT when compared to the 12V-1 tool steel material 
manufactured by the HIP process. More alloyed 15V-2 tool steel HIP material had the 
same abrasive wear resistance as the weld beads of the 12V-1 tool steel deposits A, test 
4, bead 2 and A, test 6, bead 2 welded by the PTA method. 
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8 Conclusions 
1. The main phenomenon of the 12V-1 tool steel deposit is its molten pool good 
mobility. The molten pool is prone to move between the plasma arc and the base 
material. Thus, dilution control is challenging and small variation in the plasma 
arc location in relation with the molten pool has large effect on the 
microstructure and the abrasive wear resistance. 
2. The microstructure of the materials manufactured by the HIP process was the 
most homogeneous. Standard deviations of the volume fractions of VCs, the 
mean sizes of VCs, and the carbides shape ratios were lower than in the deposits 
welded by the PTA process. The most homogeneous deposits were welded with 
welding parameters A. 
3. The shape ratio has an effect on the abrasive wear resistance of the 12V-1 tool 
steel deposit. The materials manufactured by the HIP process had the most 
round-shaped VCs, the shape ratio was between 0,83-0,86. The PTA welded 
deposits had the shape ratio between 0,66-0,83. Stirring of the molten pool by 
the plasma arc column seems to reduce the shape ratio in the deposits welded 
with welding parameters B and D. The shape ratio seems to increase in the 
deposits welded with welding parameters E and F during the surfacing 
procedure. 
4. The best abrasive wear resistance of the PTA welded deposits was obtained with 
the mean size of VCs from 1,2 to 1,4 m. The mean size of the carbides of the 
materials manufactured by the HIP process was between 0,8-1,1 m. 
5. The volume fraction of VCs of the PTA welded deposits was 0,5-5,5 vol.-% 
lower when compared to the 12V-1 tool steel material manufactured by the HIP 
process. The highest volume fraction was obtained in a sample welded with 
welding parameters C. The bead thickness was 5,5 mm and the location of the 
plasma arc was then on the molten pool. 
6. The effect of the MFP on the abrasive wear resistance with the used abrasive 
size was not clearly detected. In the deposits where standard deviation of the 
MFP was high, it can be seen areas in the wear tracks where grooving was the 
dominating wear mode. Thus, even though the nominal abrasive fraction was 
remarkably larger than the MFP, asperities of the abrasives, crushed carbides, 
crushed abrasives, or detached abrasives were degrading the wearing surfaces. 
7. The volume fraction of VCs increased in the wear track when compared to the 
microstructure. The round-shaped carbides were prone to stay in the wearing 
surface. The matrix wears off between the carbides and, thus, the volume 
fraction of the carbides increases in the wearing surface. 
8. The VC size and the MFP distributions of the PTA welded deposits vary in 
ranges of 0,2-5,0 and 0,2-5,0 m depending on the welding parameters, 
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respectively. The materials manufactured by the HIP process had ranges of 0,2-
2,2 and 0,2-4,0 m, respectively. 
9. The retained austenite content was the lowest in the samples welded with 
welding parameters A-C. Low amount of retained austenite and high amount of 
martensite enhance the ability of carbides to resist abrasive wear.  
10. The effect of the dilution on the abrasive wear resistance was not possible to 
measure exactly. The effects of the dilution of the deposits were mainly nearby 
the fusion line, i.e., approximately 0,5 mm from the fusion line. The volume 
fraction and the mean size of VCs were smaller nearby the fusion line. The 
location of the plasma arc in relation with the molten pool had stronger effect on 
the abrasive wear resistance than that of the dilution. 
11. A lot of crushed carbides were detected from the wear surfaces of the deposits 
welded with welding parameters C and D. In the wear surfaces of the deposit 
welded with welding parameters A and the 12V-1 tool steel material 
manufactured by the HIP process, only some of the carbides were crushed 
during the RWAT. Round-shaped carbides resist microcracking. 
12. The high stress abrasive wear test can be arranged by the rubber wheel abrasive 
test apparatus for tool steel alloys. With normal load 174 N the wear surface 
contained a lot of small grooves, especially on the areas where the MFP was 
large. A lot of crushed VCs can be detected. The 3,2 m sized VC carbide was 
capable to crush the abrasive. Rolling of the abrasives was at least partly 
prevented. 
13. Hardness of the 12V-1 tool steel deposit cannot be used for estimating the 
abrasive wear resistance of the 12V-1 tool steel deposit. Hardness depends on 
the volume fraction of VCs, the sizes of VCs, the MFP, the retained austenite 
content, and the dilution. The abrasive, the wear environment, and the 
microstructure together determine the wear rate. Small variations in the 
microstructure have remarkable effects on the abrasive wear resistance. 
14. Surface roughness of the 12V-1 tool steel deposit was 1,6 0,3 m in the end of 
the rubber wheel test. Surface roughness of 0,9±0,3 m was obtained after 100 
rounds of the rubber wheel. The measurements were made from the deposit, the 
mean size of VCs of which was 1,1 m. Thus, when the VCs size distribution is 
taken into account, VCs shield the wear surface, and the penetration depth of the 
abrasives is smaller than the mean diameter of the abrasives. 
15. The best abrasive wear resistance of both the deposits welded by the PTA 
method and the materials manufactured by the HIP process were detected from 
the deposits welded with rectangular wave mode, 4-6 l/min plasma gas flow 
rates, and 10-12 mm working distances. With 4-6 l/min plasma gas flow rate the 
plasma arc is more columnar when compared to plasma gas flow rate 2 l/min. 
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16. The PTA welding parameters have to be optimized for every tool steel alloy. 
The volume losses in the RWAT were from 20,4 to 146,0 mm3 depending on the 
welding parameters. The 15V-1 tool steel deposit welded with welding 
parameters D had lower wear test result as the best 12V-1 tool steel deposit 
welded with welding parameters A, even though 15V-1 tool steel was more 
alloyed. 
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